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Many species move within and across diverse habitat mosaics over their lifetime, 
requiring ecologists to study cross-landscape population dynamics and trophic interactions. Salt 
marshes are nursery habitats that exist at the interface between terrestrial and aquatic ecosystems 
connected by tidal fluctuations allowing the movement of both predators and prey across distinct 
ecological boundaries and therefore are ideal study systems for exploring such dynamics. My 
dissertation investigates the movement of estuarine nekton across the land-sea interface and the 
subsequent implications for food webs. I combined a literature synthesis and extensive fieldwork 
across multiple sites, landscapes, and geographic scales to ask 2 main questions: 1) How does 
marsh habitat configuration influence estuarine species’ abundance and diversity; and 2) How 
does energy flow from marshes to the estuary vary across geographic scales, and what 
environmental variables influence patterns of energy flow? In chapter 1, by examining marshes 
of varying sizes and configurations, I determined marsh size does not affect nekton diversity, yet 
does influence the density and abundance of nekton utilizing the marsh. To determine how 
hydrodynamics and plant structure of salt marshes influence predator-prey interactions along the 
seaward edge of marsh habitat, I used both literature synthesis (Ch 2) and predation experiments 
(Ch 3). Both studies found that tidal forcing, more than local habitat structure, drives the ability 
of estuarine predators to access marsh-associated prey. In chapter 4, I utilized stable isotope 
biomarkers to determine the contribution of marsh primary production for estuarine species 
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across geographic regions. This study found that the reliance of salt marsh primary production 
for estuarine communities was species and location specific. My results showed that for all 
species analyzed from the Gulf of Mexico greater than 50% of their diet was comprised of 
marsh-derived carbon. In contrast, in both the South and Mid-Atlantic regions, diets of taxa were 
comprised of a diversity of marsh and aquatic basal carbon sources. In sum, this work offers a 
critically-needed nuanced look at how marsh habitats of varying structure and physical processes 
function uniquely as nursery habitat and their role in transferring energy from terrestrial systems 
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Over heterogeneous landscapes, organisms and energy move across ecological 
boundaries and this can have profound effects on overall ecosystem functioning. These 
movements require ecologists to study population dynamics and trophic interactions across 
distinct habitats within a landscape. The movement of fauna between habitats can be at small 
scales such as diel migrations up and down the water column to large-scale continental 
migrations that occur over months or years (e.g., birds, herd species) and can have profound 
effects on the interactions among species within a community. The connection between habitats 
or ecosystems driven by environmental heterogeneity (spatial variation of abiotic and biotic 
factors) may affect the movement patterns (Irlandi and Crawford 1997) and feeding rates of 
individuals (Micheli and Peterson 1999). Furthermore, the connectivity of the landscape 
allowing or preventing cross-habitat foraging can affect the rates of predation or herbivory 
within a given habitat type, altering community dynamics (i.e., net ecosystem productivity).  
 The loss of structured habitat at local, regional, and global scales has created areas of 
high fragmentation resulting in habitat patches with high amounts of edge in contrast to previous 
large contiguous tracts of habitat and reduced connectivity between habitats with in a landscape 
(Fagan et al. 1999). Understanding the effect of habitat edges on species interactions (e.g. 
predation) is critical for determining landscape-scale patterns and the structuring of communities 
in an ever-changing environment. Both abiotic cycles and habitat structure can mediate faunal 
movements across habitat edges and determine the ability of predators to access their prey in 
both space and time—especially along the land-sea interface.  
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The coastal transition zone or land-sea interface is a distinct ecotone that links terrestrial 
and marine habitats (Talley et al. 2003) and this ecological boundary is an ideal location to study 
the movement of organisms and energy.  Research at this interface traditionally focuses on the 
flow of energy, nutrients and organisms from highly productive habitats to adjacent relatively 
unproductive systems (Catenazzi and Donnelly 2007). Yet, organisms and energy can flow 
across this interface from one productive system to another (Polis and Hurd 1996) and in many 
cases predators will move across highly productive-structured habitat boundaries to forage 
(Nakano and Murakami 2001). The movements of organisms across habitat-boundaries to forage 
and subsequent energy flow from one habitat to another result in spatial subsidies. Spatial 
subsidies occur when allochthonous inputs enhance or subsidize organisms or communities in an 
adjacent habitat or system (Polis et al. 1997). Allochthonous inputs entering a system can vary in 
both space and time even within the same habitat types (Vander Zanden and Sanzone 2004).  
Salt marshes are critical nursery grounds for many marine species and lie at the interface 
between land and sea and span globally across temperate climates. Marshes have been well-
studied and debated as sources or sinks of energy in coastal estuaries (inwelling vs. outwellng 
hypothesis; (Ibañez et al. 2000). The timing and magnitude of seasonal oscillations in sea level, 
tidal range, and flooding frequency appear to be the critical factors that influence salt-marsh 
productivity and the inwelling or outwelling of energy (Morris et al. 1990). In areas of high tidal 
amplitude, marshes are believed to transport energy to the estuary through the export of detritus 
(Teal 1962). While marshes, with predominately meteorological tides, are believed to act as net 
importers of energy (Ibañez et al. 2000). Kneib (2002) proposed the trophic relay concept (a type 
of trophic transfer) in which marsh production is moved through the estuary to offshore habitats 
through a range of trophic interactions. While the principles of trophic relay are well known, the 
 
 3 
total amount of energy from a given marsh is difficult to quantify due to biotic (local habitat 
structure) and abiotic (tide) factors limiting connectivity between the marshes and surrounding 
estuaries (Rozas 1995, Minello et al. 2012, Baker et al. 2013) as well as energy flow from 
alternate sources such as detritus or dissolved organic matter (Teal 1962). Having a more 
thorough understanding of the types of marshes that support the most ecologically and 
economically-valuable taxa and how and where estuarine consumers forage we can better protect 
critical marsh habitats that directly enhance secondary production in coastal systems.  
In this dissertation, I asked 2 main questions: 1) How does marsh habitat configuration 
influence estuarine species’ abundance and diversity; and 2) How does energy flow from 
marshes to the estuary vary across geographic scales, and what environmental variables 
influence patterns of energy flow? I investigated the movement of estuarine fish and crustaceans 
(nekton) across the land-sea interface, as well as the biotic, abiotic, and landscape-scale factors 
that influence habitat use and overall marsh-estuarine food web dynamics with a combination of 
literature synthesis, observational studies, and manipulative field experiments. In Chapter 1, I 
used field surveys to determine the importance of marsh area, marsh edge, and adjacent habitat 
structure on habitat utilization by estuarine nekton. These data were then used to run quantitative 
simulations to determine the optimal marsh island size that would support the highest numbers of 
fish and crustaceans (scaled to a uniform amount of overall marsh area among marsh island 
sizes). In Chapter 2, I conducted a literature synthesis to investigate marsh habitat structure and 
abiotic drivers in the composition of marsh food webs at the regional scale. I synthesized over 50 
years of diet, habitat, and tidal data to understand how fish diets and marsh habitats vary along 
an inundation gradient from the Gulf of Mexico to the Mid-Atlantic region of the USA. In 
Chapter 3, I investigated the drivers of predator-prey interactions and nekton habitat use along a 
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tidal inundation gradient and with varying plant structure. This study assessed how both abiotic 
drivers (tide) and biotic drivers (habitat structure) influence nekton habitat utilization and how 
far into the marsh nekton will forage through an observational study and habitat manipulation 
experiments. Lastly, in Chapter 4, I utilized stable isotope biomarkers to determine the 
importance of salt marsh primary production on estuarine secondary production from the Gulf of 
Mexico to the Mid-Atlantic region. 
In addition to the ecological drivers examined in this dissertation, it is important to note 
other known biogeographic patterns (e.g. latitudinal diversity gradient, etc.) may influence 
community structure and marsh function across varying spatial and temporal scales. Natural 
variation in nekton communities due to an increase in species diversity near the equator may 
influence the patterns observed across geographic regions. For instance, in the Gulf of Mexico, 
killifishes, a key prey item in marsh systems are much more speciose than along the Atlantic 
coast (Nordlie 2003). In addition, increased water temperatures in the Gulf of Mexico compared 
to the Atlantic coast may influence the growth rates or size of individuals, and therefore the rates 
of consumption (e.g. temperature-dependent predation; Brown et al. 2004).  However, my 
dissertation work shows overall consumption rates in marshes across the Gulf of Mexico are 
lower than the Atlantic coast contradicting predictions made on the basis large-scale latitudinal 
gradients. Marsh energy does appear to be transferred to the estuary at higher rates in the Gulf of 
Mexico compared to the Atlantic coasts. Yet, these patterns of energy flow may be due to lower 
diversity of aquatic primary producers or due to higher amount of detritus from local-scale 
differences in riverine input, sediment supply, or erosion in the Gulf of Mexico (Mann 1986, 
Breed et al. 2004) rather than increased diversity or temperature-dependent predation from 
changes in latitude.  
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In whole, this dissertation research provides key information to better understanding 
geographic and landscape-scale variation in the value of marsh habitats for estuarine nekton 
communities and the movement of organisms and energy across the land-sea biogenic habitat 
interface. My dissertation work emphasizes the relative importance of three key ecological 
drivers that influence geographic variation in coastal habitat structure and function for estuarine 
species: seascape, hydroperiod, and vegetation. Collectively, these studies reveal that patterns of 
habitat use by estuarine species and the process trophic relay (trophic transfer) from the marsh to 
estuary vary across space and time. Energy flows from the marsh to estuary occurs via distinct 
pathways (detrital vs. animal vectors) across regions driven predominantly by variation in tidal 
inundation. Across these regions, the diversity of primary producers within and adjacent to 
marsh systems may influence the relative contribution of marsh- versus aquatic-derived energy 
to estuarine fish species. In particular, in the Gulf of Mexico where marsh carbon is the dominant 
source of energy, estuarine food webs may be less resilient to continued loss of marsh habitat. 
While along the Atlantic coast, where a wide variety of basal-carbon sources are present and 
contributing to the diets of estuarine species, communities may be more capable of responding to 
marsh loss in regards to food-web dynamics. 
Lastly, my work emphasizes the importance of understanding local or regional scale 
geographic variation to find commonality across salt marsh ecosystems regardless of latitudinal 
gradients, and predict how global change may influence marsh-associated estuarine species.  The 
majority of research on the importance of marsh habitats for fisheries production has been 
conducted in the Gulf of Mexico. From this work marshes have been deemed critical nursery 
habitats for many fishes and crustacean, however when considered for conservation and 
management all marshes are believed to function equally. My work emphasizes that the Gulf of 
 
 6 
Mexico is not the ideal model system to understand marsh functionality across the globe. As 
marsh habitats are further inundated by sea-level rise we may observe unique, non-intuitive 
dynamics in regards to how it effects marsh function for enhancing secondary production. In 
sum, this research provides a more nuanced understanding of how seemingly similar marsh 
habitats with varying habitat structure and physical processes across large regional scales 
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CHAPTER 1: INFLUENCE OF MARSH ISLAND SIZE ON NEKTON COMMUNITIES: 




Anthropogenic activities resulting in habitat loss or degradation at local, regional, and global 
scales is directly associated with the loss of biodiversity, declines in abundance, and decreases in 
overall community biomass across many ecological systems (Haddad et al. 2015). The 
relationship between aboveground biomass of foundation species (biogenic habitat) and faunal 
diversity and abundance has been well studied across a variety of systems such as grasslands 
(Tilman et al. 1997), meadows  (Roscher et al. 2005), freshwater wetlands (Engelhardt and 
Ritchie 2001), and tropical forests and among diverse animal groups (Alroy 2017). The loss of 
essential habitat altering functionality for species is particularly evident in shallow water coastal 
systems. For example, oyster reefs systems have been degraded globally to ~85% of their 
historic extent (zu Ermgassen et al. 2012), and the loss of oysters has resulted in the loss of 
resident species (e.g. worms, amphipods, etc.), decreased food resources for mobile species 
(Airoldi et al. 2008) and diminished ecosystem services (Grabowski et al. 2012). There is 
evidence that the transition from structured to relatively unstructured habitat due to habitat 
degradation can affect species identity, abundance, and richness (Micheli et al. 2008) as well as 
functional diversity within a system (Dobson et al. 2006). 
As biogenic habitats are diminished or fragmented, they become islands surrounded by a 
less-suitable, relatively unstructured habitat matrix. It is hypothesized that the species richness 
and faunal abundance on these discrete habitat patches are driven by the immigration and 
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extinction of species. Extinction rates tend to be highest and immigration rates lowest on small 
islands compared to large islands (MacArthur and Wilson 1967). The idea larger islands can 
sustain a greater diversity of species and overall number of organisms compared to small islands 
is attributed to increased habitat heterogeneity on large islands allowing for more species to 
colonize unique habitats reducing competition and extinction, as well as the ability of 
populations on large islands to better withstand disturbances (i.e. knock-out effect).  The degree 
of isolation from the mainland may also affect the faunal richness and abundance on both large 
and small islands due to the ability of species to disperse to these locations (Simberloff and 
Abele 1976). However, these relationships may not hold true on islands with fewer habitat niches 
(i.e. monocultures) or for islands that are colonized or utilized by highly mobile species which 
move across landscapes to access diverse resources (food or refuge; MacDonald et al. 2018).  
To mitigate the loss of habitat for faunal species, scientists and managers have moved toward 
both the conservation of habitats through protected reserves and the active restoration of habitats. 
However, the design of reserves has been hotly debated in the field of conservation biology. 
During the 1970s and 80s there began a debate in conservation ecology as to whether a single 
large or several small (SLOSS) reserves were a superior means of conserving biodiversity and 
maintaining high faunal abundance and biomass across fragmented landscapes. While SLOSS 
dynamics are still debated, syntheses across studies suggest the value of one large island or many 
small islands for enhancing biodiversity or faunal abundance is context dependent and therefore 
difficult to make overarching generalizations (Maiorano et al. 2008).  
Evidence from terrestrial systems and theoretical models suggests that large contiguous tracts 
of habitat will support more species and individuals (and more biomass than several small 
patches; Tjørve 2010). However, studies from marine systems often suggest the opposite trend. 
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For example, in seagrass habitats several smaller patches tend to support higher recruitment, 
diversity, and abundances of organisms than one continuous meadow (McNeill and Fairweather 
1993). Additionally, theoretical models of marine reserves for fishery species emphasizes that 
several smaller reserves tend to support the highest catches of economically and ecologically 
valuable species (Moussaoui and Auger 2015). There may also be complex interactions, for 
example, Yeager et al. (2016) found that only after a certain threshold of seagrass habitat area 
loss does biodiversity decline with increasing patch fragmentation. Estuarine wetlands (e.g. 
mangroves and salt marshes) lie at the interface between terrestrial and marine systems and 
therefore, may have unique dynamics in regards to SLOSS due to variable tidal flooding 
influencing access by mobile aquatic species. Studies in mangrove systems have shown that 
species diversity and abundance is dictated by island size, isolation, and ocean currents 
(delivering propagules) suggesting one large island may be better for species (Field et al. 1998). 
However, most studies within mangroves have focused on relatively sessile species or terrestrial 
taxa that may not be influenced by daily tidal fluctuations. A recent study by Meyer and Posey 
(2014) found increased area of salt marsh islands up to 10,000m2 corresponded with increased 
catch rates of marsh resident taxa but no effect on a mobile fish species.  Yet the influence of 
marsh island size (area and perimeter length) in conjunction with local fine-scale habitat features 
and the surrounding habitat matrix has not been investigated in regards to overall estuarine 
community dynamics.   
In this study, we investigated how estuarine wetlands - including mainland marshes versus 
isolated marsh islands - function for the entire community of mobile fish and crustacean species 
to determine if island biogeography – mainland versus island – dynamics hold true for marsh 
systems. We then examined how size (amount of edge and area) of isolated marsh islands, 
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influences the species richness, and abundance of estuarine nekton through monthly sampling 
from June to October across 2 years considering both fine-scale habitat features and adjacent 
habitat structure. Using our empirical survey findings, we conducted quantitative simulations to 
determine the optimal island size and number (invoking SLOSS) that best maximize the 
conservation impact vis-à-vis abundance of transient nekton communities as well as individual 
taxa. Specifically, if conservation or restoration practitioners were able to conserve or restore a 
given amount of marsh habitat (e.g. 10 acres or ~40,000m2: a large but reasonable scale based on 
published examples: Levin et al. 1996, Johnston et al. 2002, Strange et al. 2002, Raposa et al. 
2018) would one large marsh island sustain or support more or less individuals than several 
small islands?  
Methodology 
 
Habitat identification and characterization 
 
We sampled 18 marsh sites across 3 sounds in North Carolina: Back Sound, Bogue 
Sound, and Core Sound are mixoeuhaline back-barrier embayments, encompassing both large 
fringing marshes and isolated marsh islands (Table 1). Within each sound we chose 2 fringing 
mainland marshes (wide >100 m and skinny < 50 m from the seaward to landward edge) and 4 
isolated marsh islands ranging from 300 - 55,000 m2 in area with varying perimeter lengths. To 
ensure that the entire range of natural marsh islands was encompassed in each sound during 
sampling we targeted natural islands that fit into 3 size bins: small 300 - 1,200 m2; medium 6,000 
- 10,000 m2 and large 30,000 - 55,000 m2 (however, size bin was not formally included in 
subsequent analyses as a categorical variable). Each isolated island was at least 250 m from the 
nearest marsh and each site was dominated by salt marsh cordgrass, Spartina alterniflora. Within 
a 250 m buffer surrounding a marsh island, the percent of bare sandflat habitat and vegetated 
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habitat (i.e., seagrass) was evaluated using Google Earth Engine (Gorelick et al. 2017). Using 
Landsat-8 imagery we trained the program to identify areas of seagrass using the classification 
and regression trees (CART) approach with the classifier package (Breiman et al. 1984). 
Additionally, at each site, fine-scale marsh grass characteristics were measured by bi-
monthly surveys from June to October in 2017 and 2018. We placed 4 transects up to 50 m in 
length landward from the marsh-estuarine edge. For marsh islands, transects were oriented 
toward the center of the marsh. Quadrats (0.25 m2) were placed at 1 m, 5 m, 10 m, 25 m or half 
way to island center, and 50 m or island center. We enumerated the shoot density, the 3 tallest 
shoot heights, and the number of plant species present within each quadrat to assess the fine-
scale heterogeneity of a given marsh site.  
Characterization of the nekton community 
 
We sampled the fish and crustacean (nekton) community at each site with a combination 
of 2 fyke nets, 2 gill nets, and 12 gee-style minnow traps once a month from June to September 
(2017) or October (2018) across a total of 48 nights. Nets and traps were set within 1 hour of 
nighttime high tide and left to soak through one tidal cycle (~6 hrs) during spring tides for 
maximum tidal difference to capture nekton being flushed off the marsh surface or predators 
foraging along the marsh edge. Fish catch rates along marsh boundaries have been shown to 
increase on high tides, especially in the evening and after dark (Lasiak 1984, Layman 2000, 
Pessanha and Araújo 2003). Fyke nets were comprised of a 0.9 X 0.9 X 5.1 m central mesh bag 
(3.175 mm mesh), with two 0.9 X 5.1 m wings extending from either side and were placed along 
the vegetated seaward edge of the marsh with wing span measuring 8 m. Gill nets were 15 m in 
length and comprised of 5 m panels of 1.27 cm, 2.54 cm, 5.08 cm stretch mesh and placed 
perpendicular to the marsh edge. Twelve minnow traps were placed along 4 transects at 1 m, 5 m 
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and 10 m landward from the marsh edge. All nekton captured were identified to the lowest 
taxonomic level possible, counted, measured for standard length, and all individuals of a given 
species were weighed wet. We evaluated the nekton assemblage at each site based on species 
richness (count of species sampled), catch rate (CPUE), total relative nekton abundance, and 
relative nekton density (total relative nekton abundance/m2; Figure 1.1). 
Statistical analysis 
 
To broadly determine if there was a unique relationship between the overall catch rates of 
unfragmented mainland marshes and marsh islands, we ran a one-way analysis of variance 
(ANOVA) and a Tukey’s test to assess pairwise comparisons. To assess the influence of marsh 
size, perimeter length, edge shoot density and adjacent seagrass habitat on both species richness 
and faunal catch rates (number of nekton captured/net soak time) on only marsh islands, we ran 
linear mixed effect models with the lme4 package (Bates et al. 2015) in R (version 3.6.2). Our 
models used fixed factors of perimeter length, area, percent seagrass cover within a 250-m buffer 
of the marsh, average edge shoot density, and with a random factor of month. Optimal models 
were selected based on Akaike information criterion (AIC). AIC is a measure of how well the 
data is explained by a model and accounts for goodness of fit, model complexity, and parsimony 
(Akaike 1987).  
We also leveraged our catch-rate data to investigate total relative abundance and density 
for each site and month. Total relative abundance is the number of fishes and crustaceans that 
would be present on a marsh island if the entire island was sampled. Density is the number of 
fish and crustaceans that are present within a given area (m2) on each island. These calculations 
assume equal distribution of nekton across a site and that each sample collected is representative 
for each site and time period. To calculate total relative abundance, we multiplied the catch rate 
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for each island by the number of sampling arrays that would span the island’s perimeter (Figure 
1.1). This assumes that all fish leave the marsh platform as tide falls, which is reasonable as most 
nekton require at least 5 cm of water on the marsh surface to survive (Minello et al. 2012) and no 
island had sub-habitat features (e.g.  ponds or pools) for species to colonize while the marsh 
platform was dry. To calculate density (#/m2), we divided total relative abundance for each 
island by the marsh island’s area (Figure 1.1).  
Quantitative simulations 
 
We conducted quantitative simulations utilizing our density calculations to investigate 
whether a single large or several small marsh islands support more or less fauna regardless of 
species, rather than number of species. We calculated the relative abundance of nekton (N) for a 
given island size and number that would make up a proposed conservation or restoration area.  
We multiplied the previously calculated density for each site (#/m2) by the total conservation 
area of interest (x). 
Nx = #/m2 * x 
We then plotted the relative abundance for all island size and number combinations to 
determine the size of islands that would support the highest nekton abundance (holding total 
island area the same for each size-and-number combination). We ran these calculations for the 
entire nekton community, as well as for ecologically and economically valuable taxa: drums, 
Scianeidae, flounders, Paralichthys spp., blue crabs, Callinectes sapidus, and penaeid shrimp 
(Farfantepenaeus aztecus and Litopenaeus setiferus). 
 
Results   
 
Comparing catch rates on fringing mainland marshes to marsh islands we found a clear 
difference among marsh types (F = 4.57, p = 0.001, Table 1.2). Examining pairwise comparisons 
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(Table 3), wide fringing mainland marshes had the highest catch rates (59.11 +/- 8.39), seconded 
by skinny fringing marshes (54.65 +/- 7.95). Marsh island catch rates peaked at large islands 
(35.17 +/- 4.16) and was lowest at small marsh islands (27.13 +/- 4.65). For our analysis of 
marsh islands and landscape parameters (area, perimeter length, seagrass and marsh plant 
density), our final model (AIC = 906.5) incorporated fixed effects of island area and perimeter 
length with a random effect of month and we did observe a clear relationship between catch rates 
and marsh island area and perimeter length (Figure 1.2A). The 2 smallest marsh islands (BA2 
and CS3) had much lower catch rates (11.31 +/- 1.5 and 16.0 +/- 3.4 individuals respectively) 
compared to all other islands (μ = 36.24 +/- 2.52) Surprisingly, the island with the highest 
perimeter length (BA1) had low catch rates (19.2+/-3.8 individuals) compared to other islands of 
a similar size sampled (μ =40.48 +/- 1.94).  The highest catch rates (44.2+/-9.6 individuals) were 
at the largest marsh island (CS6). Notably, there was large variability in overall catch rates 
across months indicative of community responses to seasonal changes in water temperature, 
recruitment phenology, and tidal patterns.  
We found relationships between total nekton abundance and island area, perimeter 
length, and the proportion of seagrass to sandflat habitat surrounding the island (R2 = 0.925, F3,8 
= 32.95, p < 0.001), with island area having the most influence on total abundance (t = 2.308, p = 
0.049). Total abundance was highest at the largest island CS6 with 908.63 +/- 338.41 individuals 
and lowest at the second smallest island BA2 with an average of 16.54 +/- 6.9 individuals 
(Figure 1.2B). However, the density of nekton per island had an inverse trend to total abundance 
(R2 = 0.581, F3,8 = 3.69 , p = 0.06), but no clear statistical relationship between island area, 
perimeter length, and percent seagrass surrounding the island. We did observe the highest 
density of nekton at 2 small islands BO3 and BO6 with 0.103 +/- 0.03 and 0.100 +/- 0.05 
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individuals/m2 respectively (Figure 1.2C). The lowest densities of nekton were at the largest 
islands BA1 and CS6 with 0.016 +/- 0.006 and 0.014 +/- 0.005 individuals/m2 respectively.  
We did not detect a statistically clear relationship between species richness and island 
area or perimeter length (Figure 1.3). Our best model to estimate species richness incorporated 
marsh plant shoot density along the edge with a random effect of month (AIC = 492.7). On 
average we captured approximately 16 species per site per month (16.59 +/- 0.35).  The highest 
species richness observed was 26 species in July 2017 at a medium-sized island (CS2) with an 
average shoot density of 61.0 +/- 6.35 shoots/0.25 m2 and the lowest was nine species in August 
2017 at another medium-sized island (BA3) with an average shoot density of 9.5 +/- 0.71 




Our quantitative simulations indicate that conserving or restoring ~0.28-acre islands 
would result in the greatest enhancement of nekton, per total unit area of marsh 
conserved/restored, at whole-estuary scales. Indeed, our simulations indicate that several 0.28-
acre islands (totaling 10 acres together) would support 7 times more nekton than 1 large 10-acre 
(40,000m2) island and 1.5 times more nekton than hundreds of 0.07-acre islands (also totaling 10 
acres together, Figure 1.4). 
When we used the same simulations for ecologically and economically important taxa, 
we found each group, had unique trends in regards to support by marsh islands. Many 0.28-acre 
islands would support 2 times more drums than any other marsh island size combination (Figure 
1.5B). Penaeid shrimps had the highest relative abundance at many islands ranging from 0.21-
acres -1.6-acres in size (Figure 1.5D).  Flounder species support were more variable and did not 
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follow a clear trend with the highest relative abundances at a few 1.6-acre and several 0.07-acre 
islands (Figure 1.5A). The relative abundance of blue crabs peaked at many islands less than 0.1-




With continued anthropogenic and climatic stressors, continuous tracts of habitat are 
going to be more easily broken apart or fragmented (Opdam and Wascher 2004). The active 
conservation and restoration of key biogenic habitats are avenues to ensure structured habitats 
persist, providing essential refuge for many organisms.  However, scientists, managers, and 
decision-makers need a better understanding of how the size (area), configuration (e.g., edge or 
perimeter length), and the matrix surrounding structured habitats influence the function of 
restoration or conservation areas for entire communities as well as for economically- and 
ecologically-important taxa (Boström et al. 2011). Continued habitat loss and fragmentation will 
increase the prevalence of isolated islands altering the functionality of habitats for mobile or 
transient species. Our data emphasizes that prioritizing the conservation and restoration of not 
only structured habitats but, certain landscape-scale features is essential to providing the greatest 
support for a wide-range of ecologically and economically-valuable taxa. 
Our results reveal that marsh islands function differently from fringing mainland marsh 
habitats in the support of transient estuarine fish and crustaceans. On average, catch rates are 1.6 
times higher on continuous fringing mainland marshes compared to marsh islands of varying 
size. The increased support of nekton by mainland marshes suggests that marsh systems follow 
similar principles of island biogeography with more species and individuals being present on 
mainland marshes than islands. Mainland marshes are much larger in overall area due to along 
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shore connectivity creating one contiguous habitat. This increased catch rates of nekton at 
mainland marshes may be due to sub-habitat features provided by fringing marshes compared to 
marsh islands. Mainland marshes are dissected by tidal creeks, marsh pools, and ponds, which 
may provide enhanced protection of juvenile species from predators and result in increased use 
and access of the marsh platform (Able et al. 2012). In contrast, the marsh islands sampled were 
fairly ubiquitous in habitat type, with no creeks or ponds present. Due to more homogenous 
habitat features and clearly defined perimeters, marsh islands were further analyzed to identify 
the landscape and fine-scale habitat features that influence the support function of fragmented 
sites for transient estuarine species.   
The results of the quantitative simulations indicate the highest relative abundance of 
nekton is found a multiple marsh islands of approximately 0.28 acres or 1000m2 in size, an 
intermediate optimum of marsh island size and number. We also found that the relative 
abundance of nekton supported by a marsh is greatly diminished on one-large circular marsh 
island.  This loss of functionality at the largest marsh islands may be due to the abiotic factors 
such as tidal flooding that control the ability of estuarine species to directly access and move 
across the marsh platform (Baker et al. 2015).  In theory, large marsh islands may only have a 
ring or donut shape of usable habitat along the edge which is consistent with previous studies 
that have found that marsh seaward edge is the most functional part this habitat for estuarine 
species (Peterson and Turner 1994). Our calculations also suggest it is likely if channels are cut 
into 1 large tract habitat the functionality of the marsh will increase as it 1) creates smaller 
patches of habitat that may flood more evenly and 2) creates sub-habitats such as marsh creeks 
that may allow more fish and crustaceans to utilizes at all tidal stages. However, these processes 
may also lead to increased erosion and loss of habitat through time.  
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It is important to note, that the functionality of marsh islands and the optimal size and 
number of islands varies based on the species or functional group examined. For instance, we 
found that the relative abundances of blue crabs, both ecologically and economically-important 
in the system studied, continued to increase as marsh islands became smaller and more 
numerous. Our results emphasize the value and importance at examining how restoration or 
conservation influences different species or functional groups in addition to the entire 
community. Specifically, the plan or restoration strategy that seems to support the most species 
or highest abundance of individuals may be detrimental to key taxa within the system.  
In terms of restoration and conservation practices, the quantitative simulations to determine 
the island size and number to best support transient nekton is a viable option at circular marsh 
islands. Circular marsh islands are often found naturally in our estuarine system and likely 
represent previously continuous marshes that have become eroded and separated from shore.  
We had low catch rates at the large marsh island with the greatest perimeter length of all sites 
(BA1) and a perimeter to area ratio of 0.05, however the total relative abundance was equivalent 
to other islands with similar areas. Potentially, increased edge provides more overall space for 
nekton species to flow back to the estuary as the tide recedes and would result in lower overall 
catch rates but high abundances of transient species. This would suggest that one long skinny 
section of habitat, rather than circular islands, may increase production or support of organisms 
due to high perimeter to area ratio, however over time habitats of this configuration are more 
susceptible to erosion increasing fragmentation.  
 We also expected that the fine-scale habitat features such as marsh plant density and the 
amount of adjacent structured habitat (i.e. seagrass) would influence the species and number of 
individuals that utilize a marsh. For instance, Baillie et al. (2014) found that in seagrass beds 
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adjacent to marshes there is increased diversity and abundance of estuarine fauna compared to 
isolated seagrass beds. In contrast, our analyses indicated that the amount of seagrass 
surrounding a marsh did not have any effect on either species richness or the number of fauna 
captured at a given site. This suggests the presence of seagrass beds near a marsh may not 
enhance the function of a salt marsh for nekton and may simply provide habitat corridors for 
predatory species to move through less conspicuously (Irlandi and Crawford 1997). We did 
observe a clear relationship between marsh plant shoot density at the edge of the marsh and 
species richness, specifically as shoot density increased there were more species at a given marsh 
site. Increased habitat structure has previously been shown to increase species diversity across 
both terrestrial and aquatic systems (Willson 1974, Gorman and Karr 1978, Le Hir and Hily 
2005). For example, the amount of live coral cover in a coral reef directly relates to the number 
of species and this relationship could be due to increased refuge or food resources among sites 
with increased habitat structure at the local scale (Bell and Galzin 1984, Roberts and Ormond 
1987, Gratwicke and Speight 2005).  Since, we did not observe an increase in total abundance or 
diversity with increased habitat structure (e.g. shoot density), we focused on landscape-scale 
factors for further analyses. 
As structured habitats continue to be fragmented and lost, there needs to be a more 
comprehensive understanding of how the size, shape, and configuration of habitats influence the 
production of individuals, populations, communities, and associated ecosystem services. Our 
quantitative simulations to determine the optimal size and number of islands may provide both 
managers and scientists with a simple yet, effective way to estimate the influence of habitat size 
and shape on the support function for communities and ecologically valuable species. As habitat 
loss continues to result in the loss of species and reduced ecosystem functioning, it is essential to 
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construct simple and easily usable mechanistic models to better predict the outcome of 
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Table 1.1 Information for each site including study ID, region, assigned marsh type, latitude, 
longitude, area (m2), perimeter length (m), distance to landward edge (m), edge to area ratio, and 
percent seagrass surrounding the islands. 
 
Site ID Region Island type Latitude Longitude Island area Edge Distance landward Edge:Area ratio Percent seagrass
BA1 Back sound large island 34.719722 -76.585278 37,005 2,105 - 0.0569 0.137
BA2 Back sound small island 34.706944 -76.6 430 88 - 0.2047 0.055
BA3 Back sound medium island 34.696944 -76.631944 6,610 500 - 0.0756 0.077
BA4 Back sound small mainland 34.721667 -76.636111 - - 45 - -
BA5 Back sound large mainland 34.715833 -76.619722 - - 348 - -
BA6 Back sound medium island 34.7247665 -76.619884 8,053 506 - 0.0628 0.25
BO1 Bogue sound large island 34.683056 -76.999722 31,950 963 - 0.0301 0.305
BO2 Bogue sound medium island 34.678889 -76.996667 6,553 543 - 0.0829 0.119
BO3 Bogue sound small island 34.676111 -76.996389 863 135 - 0.1564 0.03
BO4 Bogue sound large mainland 34.671944 -77.008611 - - 263 - -
BO5 Bogue sound small mainland 34.675 -76.983889 - - 61 - -
BO6 Bogue sound small island 34.675833 -77 1,119 151 - 0.1349 0.128
CS1 Core Sound large island 34.679167 -76.499722 30,181 947 - 0.0314 0.594
CS2 Core Sound medium island 34.6827943 -76.611763 9,338 623 - 0.0667 0.11
CS3 Core Sound small island 34.666667 -76.509722 317 82 - 0.2587 0.21
CS4 Core Sound small.main 34.646667 -76.508333 - - 140 - -
CS5 Core Sound large mainland 34.685556 -76.483611 - - 786 - -




Table 1.1 ANOVA results for total catch rates across all marsh island types. 
  df mean squares F value  p 
Marsh type 4 5041 4.567 0.0017 






Table 1.2 Tukey HSD pairwaise comparison of means for all marsh types with 95% confidence 
intervals. 
  difference upper CI adjusted p 
large mainland - large island -23.9522 0.8513 0.0639 
large mainland - medium island -23.6671 1.3073 0.0723 
large mainland - small island -31.9919 -7.0175 0.0048 
large mainland - small 
mainland -4.4641 22.3387 0.9907 
large island - medium island 0.2851 23.4331 0.9999 
large island - small island -8.0397 15.1084 0.8723 
large island - small mainland 19.4881 44.5979 0.2071 
medium island - small island -8.3248 15.0063 0.861 
medium island - small 
mainland 19.2031 44.4816 0.2258 















Figure 1.1 Diagram explaining the response variables, calculations, study results and proposed 
mechanisms for each metric used to understand fish and crustacean communities across marsh 


















Number of nekton caught per sampling 
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Figure 1.2 The influence of marsh island area on (A) catch rates, (B) total abundance and (C) 




Figure 1.3 The influence of marsh island area on species richness across small, medium and 













Figure 1.4 Representative figure for quantitative simulations examining the changes in 





Figure 1.5 Representative figure for quantitative simulations examining the changes in 
abundance of (A) flounders, Paralichthys sp,, (B) drums, Sciaenidae, (C) blue crabs, Callinectes 
sapidus, and (D) penaeid shrimp, Penaeidae with varying island size and numbers equaling a 










CHAPTER 2: DIETARY SHITS ACROSS BIOGEOGRAPHIC SCALES ALTER 




Complex landscapes are comprised of diverse habitats connected by the movement of 
fauna over diel, seasonal, and ontogenetic (and additional) cycles. These faunal movements 
facilitate the flow of energy between systems, often via trophic interactions, playing a key role in 
ecosystem productivity. The concept of energy movement across systems has influenced many 
ecological disciplines and there is a trove of terminology encompassing this fundamental 
dynamic: energy flow, fluxes, spatial subsidies, outwelling, trophic relay, connectivity, f-ratio, 
allochthonous input, cross-habitat foraging, edge predation, etc. (Eppley and Peterson 1979, 
Polis and Hurd 1996, Kneib 2002). Concepts of spatial energy flow date back to Lindeman’s 
seminal work on aquatic ecosystems (1942), which considered changes in food webs through 
time and external sources that influenced the availability of nutrients in lake habitats. More 
formally, Teal (1962) introduced the concept of energy flows across spatial boundaries when he 
elucidated how detritus moved energy out of salt marsh systems to increase productivity 
throughout estuarine and coastal ocean habitats. Vannote et al. (1980) proposed the River 
Continuum Hypothesis suggesting that, along the course of a river, inefficiency of upstream 
communities to utilize energy provides increased energy resources downstream. More recently, 
stable isotope analyses have been used to better understand how energy from one ecosystem 
 
1 This chapter was previously published in Ecosphere. The original citation is as follows: Ziegler, S.L., Able, K.W. 




enhances another. For example, stable isotopes uncovered that salmon based marine-derived 
energy allows marten communities to maintain body condition and population levels when 
traditional prey items are scarce (Ben-David et al. 1997). Additionally, isotopic analysis has 
shown that energy from inshore seagrass meadows is transferred to offshore waters by migratory 
coastal fishes (Nelson et al. 2012).  
Cross-boundary energy flows occurring at the land-water interface are of particular 
interest since they can greatly influence overall ecosystem functioning (production and transfer 
of energy) and dynamics of seemingly disparate systems. Organisms and energy can flow bi-
directionally across the land-sea interface (Polis and Hurd 1996) and movement of both 
predators and prey across these distinct ecological boundaries have been shown to enhance 
secondary production in adjacent ecosystems (Nakano and Murakami 2001). For example, Brant 
geese (Branta bernicla) forage directly on seagrass and then move to upland areas transferring 
marine-derived energy toward terrestrial habitats subsidizing upland regions (Heck et al. 2008).  
Energy flows that occur across the land-sea interface can extend well beyond neighboring 
habitats, across large spatial scales, and multiple ecosystems. Pacific salmon gain about 90% of 
their biomass in marine systems before returning to freshwater systems to spawn (Gende et al. 
2002). This migration has been observed to enhance production in aquatic systems upstream and 
also transfer energy from marine to terrestrial systems via scavenging insects, raptors, and bears 
foraging upon salmon enhancing overall secondary production (Hansen 1987, Reimchen 2000).  
Tidal salt marshes are situated at the interface between land and sea and have been 
vigorously debated as sources or sinks of energy in coastal estuaries (inwelling vs. outwelling 
hypothesis; Ibañez et al. 2000). Originally, it was proposed that marshes outwelled energy 
through detrital pathways toward the open estuary (Teal 1962, Odum 1980); however, more 
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recent studies suggest that these energy pathways are more varied (Deegan 1993, Peterson and 
Turner 1994, Kneib 1997). One pathway for energy to move from the marsh to estuarine or 
offshore habitats is through food webs via a series of predator-prey interactions (e.g. trophic 
transfer or trophic relay; (Kneib 2002)). Energy flow across the marsh ecotone by predator-prey 
interactions is regulated by the ability of transient marine consumers to access prey items that are 
typically residents of the marsh platform. This access may be mediated by the ability of predators 
to move onto the marsh platform during high-water-level periods or by discharge of prey items 
from the marsh surface into adjacent estuarine habitats during low-water-level periods (prey 
emergence), which may be arbitrated by both abiotic factors (i.e., tidal regime) or biotic factors 
(i.e., plant density).  
 The magnitude and duration of marsh flooding is dictated by astronomical and/or 
meteorological forces, and the significance of this hydrology in regulating functional roles of 
intertidal marsh habitats for juvenile fishes and crustaceans is recognized (Rozas 1995, Kneib 
1997, Connolly 1999). Specifically, at least 5 cm of water must cover the marsh platform for 
shrimps, crabs, and small fishes to access the marsh platform (Minello and Rozas 2002, Minello 
et al. 2012). Small marsh-associated fishes such as a mummichogs, Fundulus heteroclitus, and 
California killifish, Fundulus parvipinnis, move onto the marsh platform during flood tide and 
retreat to shallow subtidal marsh creeks or marsh-enclosed pools at low tide (Talley 2000, Teo 
and Able 2003). Likely in response to tidally driven prey behaviors, predatory juvenile striped 
bass Morone saxatalis have been shown during ebb tide to move upstream to marsh creeks to 
forage upon prey items that emerge from the marsh as the tide falls (Tupper and Able 2000). 
Beyond this valuable, yet cursory model of predator-prey dynamics along the marsh ecotone, 
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few studies have explicitly examined relationships between hydrodynamics and mobile predatory 
fish diets, and implications for overall food web dynamics vis-à-vis trophic relay. 
Abiotic forces (e.g. fire, tidal cycles, wind, etc.) along ecotones may also influence 
habitat structure, and how organisms move into/out of and across habitat boundaries. For 
instance, higher wind speeds have been shown to disturb habitat structure along the edge of 
habitats decreasing the efficiency of predators, jostling tree branches decreasing prey visibility 
and altering olfactory cues (Cherry and Barton 2017). Within salt marsh habitats, the regular 
inundation by salt water due to tides can alter plant characteristics and the presence of certain 
types of plant species. For instance, in salt marshes with semi-diurnal tides (>0.75-m range) 
primary production has been observed to increase as tidal amplitude increases (Steever et al. 
1976). Yet, little is known about how other basic marsh habitat characteristics such as plant 
shoot density vary with tidal amplitude and duration and its influence on nekton access and 
habitat use across a broader range of tidal regimes.  
To better understand the mode and rate by which marsh-derived production can be 
exported to marine systems, we synthesized over 50 years of research on the trophic ecology of 
fishes along the US Atlantic and Gulf of Mexico coasts. In particular, we evaluated the strength 
of evidence for trophic relay across systems by quantifying how often and in what amounts 
marsh-platform residents occur in diets of transient estuarine predators known to forage directly 
upon the marsh platform and along the seaward edge of marsh habitat. Our literature synthesis 
explored whether marshes across biogeographic regions, representing a range of tidal and marsh 
characteristics, exhibited the same or different trophic connections that mediate flows of energy 
across the land-sea boundary. In particular, we hypothesized that the presence and quantity of 
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marsh associated prey in diets of transient fish predators would be positively correlated with tidal 
height and inversely correlated with marsh plant density.  
 
Materials and Methods 
 
Database assembly for fish diets 
 
To quantify the diets of transient estuarine predators we conducted a literature search using 
ISI Web of Science between January 2017 – October 2017 adopting the following keyword 
searches: “marsh” AND “[geographic region]” AND “[trophic data]” AND “[predator species].” 
Geographic regions included: 1) Gulf of Mexico (GoM), 2) South Atlantic (SA), and 3) Mid-
Atlantic (MA). For our analyses, we designated the Gulf of Mexico as Texas to southwest 
Florida, the South Atlantic as southeast Florida to North Carolina, and the Mid-Atlantic region as 
Virginia to southern New York (south of Long Island Sound). Our trophic data search 
parameters included 1) diet, 2) gut content, or 3) food webs. Predator species included: 1) red 
drum, Sciaenops ocellatus, 2) spotted seatrout, Cynoscion nebulosus, 3) bluefish, Pomatomus 
saltatrix, 4) striped bass, Morone saxatilis, and 5) flounders, Paralichthys spp. Predatory species 
were selected due to known utilization of marsh habitat for foraging during the estuarine portion 
of their life cycle (e.g. Dance and Rooker 2015). Predators had to be present within and have diet 
information for at least 2 of 3 regions of interest. We found data for red drum (stomach N=1814) 
and spotted seatrout (stomach N=670) in the GoM and SA; we found striped bass (stomach 
N=3699) data in the SA and MA; finally, we collected flounders (stomach N=557) and bluefish 
(stomach N=3493) data for all three regions.   
We collected data on all prey species consumed by predatory species, however for the 
majority of analyses, we focused on two main prey types in diets of transient predators to 
evaluate key trophic links along the marsh boundary: marsh-platform fishes (i.e. killifishes: Gulf 
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killifish Fundulus grandis, Mummichog Fundulus heteroclitus, Striped killifish Fundulus 
majalis, Longnose killifish Fundulus similis; Rainwater killifish Lucania parva, Sheepshead 
minnow Cyprinodon variegatus, and Sailfin molly Poecilia latipinna) and fiddler crabs (Red-
jointed fiddler crab, Uca minax, Sand fiddler crab, Uca pugilator, and Atlantic marsh fiddler 
crab, Uca pugnax). Both killifishes and fiddler crabs (marsh-platform species) are numerically 
dominant, closely associated with the marsh platform and adjacent tidal creeks, typically share 
similar trophic levels, and therefore were grouped for analyses. Additionally, these species 
obtain a large amount (up to 80%) of their energy resources directly from Spartina alterniflora 
primary production (Baker et al. 2013) and marsh-platform benthic microalgae (Currin et al. 
2003). In comparison, species such as grass shrimps (Palaemonetes sp.), penaeid shrimps, 
(Farfantepenaeus sp.) and blue crabs (Callinectes sapidus) utilize the marsh platform; however, 
they are also found across many estuarine habitats and cannot be reliably identified as marsh-
platform residents. Simply, predatory species must either directly access the marsh platform to 
forage on marsh-platform residents, or these prey species must be flushed off the marsh platform 
at low tide (prey emergence) to be present in predator diets, and therefore represent key proxies 
of energy transfer from the marsh to the estuary (i.e., trophic transfer).  
For all papers, we extracted metadata such as site, geographic region, latitude, longitude, 
year, month/season, and broad habitat type (e.g. shallow bay, tidal creek, etc., if available). To 
describe diet composition, we observed multiple metrics across papers: total number (N), 
frequency of occurrence (FO), percent volume (V), and percent weight (W) of prey items. We 
directly extracted all diet data (predator, prey, diet metric) directly from graphs (using Datathief 
III, Tummers 2006) or tables within each paper. For our analyses below, we utilized the FO diet 
metric based on the need to have commonality across studies. FO was the most prominent metric 
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used across papers among the three geographic regions (25 of 56 papers inspected, 10,233 
stomachs analyzed; see Dance & Rooker, 2015). Based on interrogation of N, FO, V, and W data, 
we note that our primary conclusions were robust across metrics (Table 2.1). A map of fish 
collection sites and a list of data sources used in the study are provided in the data sources section 
of the supporting information (Figure 2.1).  
Literature search for environmental characteristics 
 
To understand how marsh environmental characteristics differed across geographic regions, 
we conducted a literature search in ISI Web of Science using the following keyword searches: 
“marsh” AND “[geographic region]” AND “[“marsh characteristic”].” Geographic regions 
included: 1) GoM, 2) SA, and 3) MA. Marsh habitat characteristics included: 1) shoot density, 2) 
shoot height, and 3) biomass. Additionally, we gathered marsh characteristic data using habitat 
monitoring programs from the National Estuarine Research Reserves (NERRs), which was able 
to provide data from Florida, Maryland, New Jersey, and North Carolina. We considered shoot 
density, shoot height, and total biomass as biotic characteristics of the marsh that may alter 
nekton access, prey refuge, and food availability for transient predators and were averaged across 
geographic region. We aggregated data over multiple sites and dates to best characterize marshes 
within a given region and time period.  
Tidal data acquisition 
 
Sixty-three National Oceanic and Atmospheric Administration (NOAA) tide and current 
station buoys collected tidal data between January 1983- December 2001. We chose the nearest 
tidal buoy to individual fish sampling sites (from literature) or marsh characteristic sites (from 
literature and NERRs) for data extraction. Tidal data from NOAA buoys provide real data which 
considers both the astronomical and meteorological influences on tide and is the best proxy for 
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tidal amplitude across large scale gradients. We used the mean tidal range value for each site as a 
proxy for the average tidal amplitude and the periodicity of marsh flooding. According to 
Minello et al. (2012), marshes along the East Coast of the US with high tidal amplitude had the 
highest flooding frequency and the lowest flooding duration, while Gulf of Mexico marshes had 
comparatively low amplitude, low flooding frequency, and the longest flooding durations.   
Statistical Analyses 
 
To test how predator-prey interactions across the land-sea interface varied among 
geographic regions, we pooled diet data for the 5 estuarine predators because we were primarily 
interested in community level patterns. To compare how predatory fish diets, tidal range, and 
marsh characteristics varied across geographic regions, we used Kruskal-Wallis tests on how the 
frequency of occurrence (FO) of marsh-platform species (i.e., killifish and fiddler crabs) in the 
diets of transient predatory fishes, tidal range, or marsh characteristics, respectively, differed 
broadly across geographic region. We proceeded with this non-parametric test for our univariate 
significance testing among regions as diet, tidal range, and marsh characteristic data were non-
normally distributed even after transformations. We also investigated the relationship between 
tidal range (as a proxy for amplitude), which may alter nekton marsh access or prey emergence 
from the marsh, and the frequency of occurrence (FO) of marsh platform species in the diets of 
transient estuarine predators. We paired diet data with tidal data from the nearest tidal gauge. 
Following exploratory analyses with these data pairs, we then transformed FO data to presence-
absence data and used binomial logistic regression to determine a threshold in tidal range 
(amplitude) at which marsh platform species begin to predictably occur in the diets of transient 
predatory fishes.  
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 To elucidate differences in biogenic habitat structure broadly across geographic regions 
we serially employed a Kruskal-Wallis test for shoot density, shoot height, and combined above- 
and below-ground biomass. For more in depth habitat analyses, we focused on the parameter of 
shoot density. Shoot height and total plant biomass (above- and below-ground) may not be as 
relevant to predator-prey interactions as density, which may have a greater influence on both 
predator access and/or movement and prey refuge. Several studies in seagrass habitats, show that 
beyond a certain threshold of shoot density, predation success is significantly diminished due to 
increased structure for prey to hide among (reviewed by Heck & Orth 2006). We assessed the 
relationships between marsh plant shoot density and tidal amplitude, and marsh plant shoot 
density and the frequency of occurrence of marsh platform species in predatory fish diets using 
linear regression.  
To assess the differences in diet composition of transient estuarine predators among 
regions (including all prey species; e.g. blue crabs Callinectes sapidus, brown shrimp 
Farfantepenaeus aztecus, other fishes), we employed a PERMANOVA. We used non-metric 
multidimensional scaling (NMDS) ordination to assess how diet composition (all prey species 
consumed) of all 5 transient predators varied across 3 geographic regions. We chose to include 
all predators into one analysis to determine if predator species or geographic region was more 
influential in determining diet composition, and in this context each species in each publication 
was considered a separate entry (overall N = 40). Using the Vegan package in R (Oksanen et al 
2019), we conducted PERMANOVA and NMDS analyses; we ran the NMDS ordination with 







The frequency of occurrence of marsh platform species in the diets of estuarine predators 
was greatly affected by geographic region (H=8.67, p=0.01; Table 2.2). Marsh platform species 
were rarely present in the diets of estuarine predators in the Gulf of Mexico (0.10 FO +/- 0.10 but 
marsh-platform fishes and fiddler crabs appear regularly (an order-of-magnitude greater than the 
GoM) in predatory fish diets in the South Atlantic (1.35 FO +/- 0.83) and Mid-Atlantic regions 
(3.55 FO +/-1.23; Figure 2.2). For each region, the maximum FO for marsh platform species in 
the diets of transient fishes was 2.9 in the GoM, 8.91 in the SA, and 16.0 in the MA. The 
maximum FO observed across all predator/studies for all prey items in each region were 57.0 
(striped mullet Mugil cephalus) in the GoM, 51.8 (menhaden Brevoortia spp.) in the SA, and 
43.7 (sand shrimp Crangon spp.) in the MA.  
Mean tidal range was distinct among the 3 regions (H=25.57, P<0.001). The mean tidal 
range was greater in both the SA (1.15 m +/- 0.14) and the MA (1.02 m +/- 0.13) regions than 
the GoM (0.39 m +/- 0.02; Fig 2.3A). The presence of marsh platform species in estuarine fish 
diets was correlated with mean tidal range (Χ2=38.03, P<0.001; Table 2.3, Fig 2.4A). Notably, 
there appeared to be a threshold at approximately 1 m in tidal range where the presence of marsh 
platform species began to manifest regularly in the diets of transient estuarine predatory fishes.  
There was a significant difference in shoot density (H=531.97, P<0.001; Fig 2.3B), shoot 
height (H=15.32, P=0.001), and plant biomass (H=44.23, P<0.001) among geographic regions. 
The SA region had the highest shoot density (203.89 shoots/m2 +/- 6.40), the GoM had 
intermediate shoot density (117.15 shoots/m2 +/- 14.50) and the MA had the lowest shoot density 
(111.33 shoots/m2 +/- 10.20). Shoot density was positively correlated with both tidal range 
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(R2=0.185, P<0.001; Table 2.4, Fig 2.3C) and the frequency occurrence of marsh platform 
species (R2=0.011, P=0.009; Table 2.5, Fig 2.4B).  
Geographic region was a significant predictor for differences among estuarine predator 
diet composition (F2,42=1.76, R2=0.077, P=0.026, Table 2.6). A two-dimensional axis was 
utilized for NMDS ordinations with a stress of 0.12. Geographic region was more predictive of 
diet composition than species identity of estuarine predators (Fig 2.5). The differences in diet 
composition of estuarine predators across regions were driven by the presence or absence of 
marsh-platform species, indicating that these prey items are significant components in diets of 
predatory fishes although rating relatively modest FO values. Portunid crabs (e.g., blue crabs), 
penaeid shrimps (e.g., brown shrimp), and microinvertebrates (e.g., amphipods) were other 




Our synthesis, encompassing multiple estuarine taxa across three biogeographic 
providences, demonstrates that numerically dominant marsh-platform fishes and crustaceans (i.e. 
killifishes and fiddler crabs), rarely appear in diets of estuarine fish in the Gulf of Mexico, while 
regularly appearing in gut contents in both the South and Mid-Atlantic regions. The presence or 
absence of these key marsh- platform species in transient predator diets should impact the mode 
and rate by which energy is moved from terrestrial (i.e., marsh) to marine systems. In these 
marsh systems, tidal regime and biogenic habitat structure appear to play key roles in regulating 
the movement of energy across ecological boundaries. Collectively, our synthesis highlights 
issues with simply presuming that seemingly similar habitats (across all ecosystems) function or 
transfer energy in the same way. Specifically, our results demystify the idea that fish universally 
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—along all coasts—move into the marsh, obtain terrestrial derived-energy, and link that directly 
to the estuary or open ocean.  
Hotspots for primary productivity, such as areas of upwelling or high plant biomass (e.g. 
mangroves, salt marshes, rainforests), are generally expected to export energy into adjacent 
systems (Polis et al. 1997, Heck et al. 2008). Cross-habitat movements by consumers and prey 
can be a key conduit for this energy flow, and thus greatly affect resource dynamics at several 
spatial scales across terrestrial, aquatic, and marine systems. Few examples, however, document 
how these movements and energy flows vary across environmental gradients or large geographic 
scales (Lafage et al. 2019, exception Baker et al. 2013). Our results suggest that patterns of 
outwelling of energy from marsh habitats via trophic relay is variable across regions, ultimately 
driven by physical (tidal) gradients. Broadly along ecotones, changes in physical variables such 
as temperature, wind, or wave action may influence cross-habitat foraging and spatial subsides. 
For example, increased riverine discharge (resulting from high precipitation) has been show to 
alter food chain length and result in exportation of more aquatic subsidies to downstream 
communities (Sabo et al. 2010).  
In South and Mid-Atlantic regions, the traditional marsh outwelling hypothesis via 
trophic relay appears supported by our findings, while in the Gulf of Mexico, marsh outwelling 
through direct trophic interactions involving marsh-platform resident fishes and fiddler crabs 
does not appear evident. Our findings do not indicate that transient predators are eating less 
overall in the Gulf of Mexico, but are not eating resident prey that are most closely linked to the 
marsh platform. Therefore, in the GoM, we propose that three alternative dynamics are possible: 
(1) marsh-derived carbon is not a dominant basal energy source for transient estuarine fish 
predators; (2) marsh-derived carbon is transferred via transient invertebrate prey (e.g. shrimp and 
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crabs) as opposed to marsh-platform residents, or (3) indirect trophic linkages drive outwelling 
of marsh energy. 
Our results demonstrate that marsh outwelling via direct predator-prey interactions of 
marsh-platform prey is severely dampened in areas with low tidal amplitude such as the GoM, 
yet we recognize the GoM is an extremely productive ecosystem. Several factors—beyond 
energy flow from marsh habitat—may contribute to reconciling this potential contradiction. 
First, the northern GoM has high nutrient input from riverine sources that support enhanced 
water-column production of phytoplankton that can serve as another key basal carbon source for 
transient estuarine fishes. (ultimately leading to an extensive hypoxic region south of LA as 
‘excess’ production sinks out of the water column and is metabolized; Turner and Rabalais 
1994). Indeed, eutrophication typically shifts coastal food webs toward relative dominance of 
water-column trophic interactions, and depending on the spatial arrangement, predictability, and 
persistence of favorable conditions, can result in productive coastal fish assemblages (Breitburg 
2002; but also see Micheli 1999). Second, marsh erosion currently outpaces marsh accretion in 
many regions, including the GoM (Kennish 2001), leading to the injection of buried marsh 
carbon into the open estuary and incorporation into marine food webs (Theuerkauf et al. 2015). 
In combination with high temperatures allowing for rapid incorporation of labile carbon, these 
nutrient inputs may subsidize GoM transient estuarine predators and substitute for the role of 
marsh outwelling. Similarly, (Deegan and Garritt 1997) recognized that hydrology might alter 
the relative importance of phytoplankton versus macrophytes (e.g., Spartina alterniflora) in 
serving as the primary source of fixed carbon for estuarine food webs. Conversely, in the GoM, 
marsh edge-to-area ratio is tightly correlated with the production of penaeid shrimp (Peterson 
and Turner 1994). Our analyses confirm that shrimp and portunid crabs do occur regularly in the 
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diets of estuarine predators in the GoM, and these crustaceans (at small sizes; <60 mm) may be 
key vectors of energy transfer between the marsh platform and transient estuarine predators 
(Baker et al 2013). However, we also note that large portunid crabs may forage directly upon 
marsh-platform fishes and fiddler crabs (McCann et al. 2017) or rely on marsh habitat structure 
primarily for refuge rather than food acquisition (sensu Boesch and Turner 1984, Heck et al. 
2003), emphasizing uncertainty in outwelling dynamics along marsh ecotones.  
In the absence of direct trophic linkages between numerically dominant marsh-platform 
species and transient predators in the GoM, direct consumption of small transient invertebrate 
prey, or indirect trophic pathways may account for marsh carbon export to the open estuary. In 
the GoM, portunid crabs and penaeid shrimps will aggregate at the marsh-estuarine boundary 
during extended marsh flooding to forage on marsh production while still accessible to large 
transient fish predators (Minello et al. 2008). While blue crabs and penaeid shrimp are well 
documented in diets of transient predators and may directly transfer marsh energy at small sizes, 
they can also be important predators within marshes and may act as intermediates in marsh 
energy transfer (Minello et al. 2012). To the degree that intermediates such as large blue crabs 
and penaeid shrimp are integral energy conduits, an extra link in GoM food chains between 
marsh-platform residents and transient predatory fishes has important implications regarding net 
trophic transfer to higher consumers in estuarine systems (even if feeding rates [i.e., average 
stomach fullness] are equal across regions). In particular, for each additional node added to a 
food chain, there is approximately a 90% decrease in the amount of biomass accumulated by the 
next trophic level, due to energy lost as metabolic waste, reducing overall ecosystem 
productivity (Lindeman 1942, Christensen and Pauly 1992). As noted above, shrimp and blue 
crabs in the diets of estuarine fishes does not confirm that marsh-derived production is 
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supporting large estuarine fishes, as shrimp and blue crabs are widely distributed throughout 
estuaries and may exploit other sources of basal carbon (e.g., seagrass; Hyndes et al. 2014). This 
point further emphasizes why marsh residents such as killifishes and fiddler crabs may represent 
key conduits of marsh-derived energy, compared to other prey items common in diets of mobile 
estuarine predators.  
Underpinning the food-web patterns we observed, tide likely regulates the magnitude of 
outwelling of primary productivity via trophic transfer as tidal amplitude can dictate the means 
or functional groups by which energy is transferred off-platform. The conceptual model of 
energy flow out of marshes relayed by trophic interactions was formalized by Kneib (1997), who 
examined trophic dynamics in the South Atlantic at Sapelo Island, GA. Notably, Sapelo Island is 
an area with large expanses of Spartina alterniflora marsh with high primary productivity, 
relatively large tidal range (~2m; Steever et al. 1976), and relatively deep and regular marsh 
flooding. Based on our synthesis findings, our own long-term observations, and available 
tracking data (e.g. Rountree and Able 1992, Szedlmayer and Able 1993, Fodrie et al. 2015), we 
speculate that large transient predators such as red drum and bluefish can access the marsh 
platform only at higher water amplitudes/inundation depths, such as along coastal GA. While 
smaller taxa, such as shrimps and crabs, are able to use the platform at shallower inundation 
depths (>5cm; Minello et al. 2012). Thus, energy flow through trophic interactions of marsh 
platform prey may be reduced or impeded due to low habitat connectivity via predator and prey 
movements in areas of low tidal amplitude (<1 m) or wind-driven systems with erratic flooding 
(i.e., GoM). Similarly, Byers and colleagues (2017) examined the ability of bonnethead sharks 
(Sphyrna tiburo) to access intertidal oyster reefs along a tidal gradient and found that in areas of 
high tidal amplitude (~2 m mean tidal range) these large predators easily accessed the reefs to 
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forage; however, this did not hold true in areas with lower tidal amplitude (<1.5 m mean tidal 
range).  
Tidal amplitude may have both direct effects on predator-prey encounter rates at the land-
sea interface, as well as indirect effects via mediation of biogenic habitat structure. Biological 
features along ecotones such as changing plant structure may act as a physical barrier that alters 
the ability of large-bodied predators to easily move through a given habitat, thus inhibiting the 
flow of energy from one habitat to an adjacent one. For example, spiders foraging along the 
shore of the Baltic Sea tend to have lower aquatic-based energy subsidies on shorelines with 
reeds than on shorelines with no plant structure (Hambäck et al. 2016). On bare shoreline spiders 
are able to forage upon aquatic larvae (with marine-derived energy) but on reedy shorelines the 
spiders can no longer access this prey resource, thus shifting its diet to more terrestrial-based 
prey items. Following this example, we would have expected marsh shoot density to be 
negatively correlated with FO of marsh residents in the diets of transient fishes due to the 
typically dampening effect of increased structural complexity on predation (sensu Heck and 
Crowder 1991). Surprisingly, our results indicate that areas with higher shoot densities display 
characteristically higher numbers of marsh-associated species in the diets of transient fish, and 
due to relatively low sample size and high variability among sites, may not be ecologically 
relevant. Alternatively, a positive relationship between the FO of marsh-platform species and 
shoot density may be due to the positive correlation between tidal amplitude and shoot density, 
indicating the primacy of abiotic forcing, such as tidal amplitude and periodicity, relative to 
biogenic structural complexity, in regulating spatial energy flows in our study system. 
Understanding the dynamics of energy flow from marshes to the estuary is vital with 
continuing landscape change and marsh loss. Marsh habitats are being depleted at high rates 
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globally, with >40% of marshes in the United States already degraded or destroyed (Gedan and 
Silliman 2009). This depletion is especially important in the GoM with marsh habitats subsiding 
while sea levels continue to rise (Alizad et al. 2016). If primary production from marshes is 
transferred with less efficiency in the GoM in part due to the lack of regular and deep marsh 
flooding, we may see unique, temporary, and non-intuitive dynamics with regards to marsh-
derived secondary production in GoM estuaries in response to continued or accelerated global 
change. As coastal habitats continue to be degraded and impacted by a variety of anthropogenic 
activities (e.g., Deepwater Horizon Oil Spill; McCann et al. 2017), it is crucial that we develop a 
stronger understanding of food web dynamics and energy flows across regional scales to have 
increased predictive power regarding the vulnerability or resilience of coastal ecosystems to 
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Table 2.1 Table indicating the number of studies from each region with a given diet metric for 
each species of interest: FO (frequency of occurrence), N (percent number), V (percent volume), 
and W (percent weight). FO was the most common metric across regions and species and therefore 
was used for final analyses: a total 25 studies. Some studies encompassed multiple regions and/or 
diet metrics.  
 
Species Gulf of Mexico South Atlantic Mid Atlantic 
 FO N V W FO N V W FO N V W 
Bluefish 1 0 1 0 3 0 2 2 4 0 0 1 
Flounder 2 0 0 0 1 0 0 1 2 0 0 1 
Red drum 3 1 2 0 4 1 1 1 - - - - 
Spotted seatrout 1 0 2 0 2 2 2 2 - - - - 
Striped bass - - - - 2 0 0 0 3 0 0 1 
             





Table 2.2 Non-parametric Kruskal - Wallis results of the influence of geographic region on 
frequency of occurrence (FO), Mean tidal range, shoot density, shoot height and total plant 
biomass. 
  chi square df p 
Frequency of Occurrence (FO) 8.67 2 0.01 
Mean Tidal Range 25.57 2 <0.001 
Shoot Density  531.97 2 <0.001 
Shoot Height 15.32 2 0.001 











Table 2.3 Chi square results for binomial regression on the presence of marsh-platform fishes in 
the diet and mean tidal range 
 
  df deviance residual df residual deviance p 
Intercept --   307 163.59 -- 










Table 2.4 Linear regression results comparing the influence of mean tidal range on marsh shoot 
density 
 R2 Estimate se t value p 
Intercept -- 116.24 11.66 9.971 <0.001 














Table 2.5 Linear regression results comparing the influence of marsh shoot density on the 
frequency of occurrence of marsh-platform species in the diet of transient fishes. 
 
  R2 Estimate se t value p 
Intercept -- -0.0027 0.2217 -0.012 0.9903 





Table 2.6 PERMANOVA results investigating the influence of geographic region and predator 
species on fish diet composition 





squares F.model R2 p 
Geographic region 2 1.266 0.633 1.902 0.077 0.026 
Predator species 4 2.813 0.703 2.113 0.159 0.004 
Geographic region * 
Predator species 5 1.909 0.382 1.147 0.108 0.242 
Residuals  35 11.65 0.333 -- 0.661 -- 











Figure 2.1 Map of study locations. A total of 25 studies spanned 3 geographic regions. Color 






Figure 2.2 Frequency of occurrence of marsh platform species (fiddler crabs and killifish species) 
in the diets of predatory fish across three geographic regions: Gulf of Mexico, South Atlantic and 




Figure 2.3 Marsh habitat characteristics aggregated across three regions of interest: Gulf of 
Mexico (GoM), South Atlantic (SA), and Mid-Atlantic (MA). Habitat variables include (A) tidal 
range, and (B) shoot density. Values are means +/- standard error. Spartina alterniflora (C) shoot 
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Figure 2.4 Frequency of occurrence of marsh-platform species in the diets of predatory fish as a 
function of marsh habitat characteristics: (A) tidal range, and (B) shoot density. Frequency of 
occurrence data are raw values for each site and predator species. Habitat characteristics are 
means for a given site per predator species. Solid black lines represent statistical analyses 





Figure 2.5 Nonmetric multidimensional scaling ordination of predator species diets were 
conducted to visualize the dissimilarity between diet composition for a given predator species 
across the Gulf of Mexico, South Atlantic and Mid-Atlantic regions. Arrows indicate specific prey 

















CHAPTER 3: ABIOTIC CYCLES MEDIATE THE STRENGTH OF CROSS-




Within heterogeneous landscape mosaics, habitat boundaries can alter the connectivity 
and dynamics among adjacent habitat types. Previous studies have investigated a variety of 
ecological phenomena in both terrestrial and aquatic systems to understand changes in diversity, 
reproduction, and mortality across natural and fragmented habitat boundaries (Fagan et al. 1999). 
In many instances, species interactions at or across these ecological boundaries have been shown 
to drive community structure (Menge and Sutherland 1987) and ecosystem functioning via 
changes in the flow of energy from one system to another (Polis and Strong 1996). The 
magnitude or direction of species interactions across habitat edges can be mediated by the 
underlying environmental gradient, abiotic cycles, and other biotic interactions that occur along 
the habitat interface (Yahner 1988; Grover and Wilbur 2002).  
Abiotic cycles and biotic habitat structure can impact the rate of key species interactions 
such as predator-prey dynamics. For instance, predation by owls on gerbils at night is highest on 
illuminated (e.g. nights with a full moon) sand dunes with no shrub cover. However, on non-
illuminated (e.g. nights with a new moon) sand dunes with small amounts of shrub cover (~10%) 
predation is significantly dampened (Kotler et al. 1991). As predators or prey move across 
habitat boundaries to forage, changes in the periodicity or intensity of abiotic cycles and habitat 
structure may also mediate the rate and mode of consumption. For example, along rocky cliffs 
glaucous gulls tend to have higher foraging and predation rates on thick-billed murres and eggs 
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on windier days than calm days decreasing overall prey population levels in windier years 
(Gilchrist et al. 1998). Therefore, to better understand overall ecosystem structure and 
functioning, it is important to understand how differences in cyclical abiotic forcings (e.g. lunar 
cycle, photoperiod, and tidal cycle) and changes in habitat structure within and across habitat 
boundaries may alter across-boundary movements of species among trophic levels, and 
subsequently predator-prey interactions. 
The loss of connectivity (ability to move freely) between habitats, due to abiotic or biotic 
factors, may also have profound effects on food web dynamics and energy flow across ecotones. 
For instance, when physical barriers prevent the input of terrestrial insects into forest streams, 
fish feeding preferences shift from terrestrial arthropods to relying solely on aquatic insects, 
decreasing overall production during summer months (Nakano and Murakami 2001). At the 
land-water interface, the flow of energy may be driven by a combination of abiotic and biotic 
forces that can vary across large geographic scales. Predator access to terrestrial habitats or prey 
moving from land into the water can offer increased feeding opportunities for aquatic species, 
which promotes production (Deegan et al. 2002). For example, arboreal mangrove crabs shift 
habitat preference from the dry mangrove canopy to the water in the presence of avian predators, 
and subsidize the diets of gray snapper (Yeager et al. 2016). However, when connectivity is 
limited across the land and sea there may be implications for fish and crustacean (nekton) growth 
and overall aquatic secondary production (Kneib 2002).  
Salt marshes are an ideal ecosystem in which to study the drivers of cross-boundary 
species interactions and edge dynamics because they occupy distinct interfaces along the land-
sea margin, across a large range of latitudinal gradients with varying geomorphologies, plant 
structures, astronomical, and meteorological tides (Rozas 1995). Previous work has shown that 
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the amount of tidal inundation or water over the surface of the marsh can greatly affect the 
ability of nekton to access the marsh surface (Minello et al 2012, Baker et al. 2013). Specifically, 
mobile crustaceans need at least 5 cm of water above the marsh surface to move freely (Minello 
and Rozas 2002). Across geographic scales, tides range from a few centimeter amplitudes 
(meteorologically/wind driven) to several meter amplitudes (astronomically driven), with 
inundation periodicity ranging from several weeks intermittently to a predictable ~6 hours, 
respectively. Due to the variation in tidal amplitude and duration of marsh flooding, the function 
of marshes as an energy source varies across landscape scales. Additionally, crustacean (i.e. 
brown shrimp and blue crab) densities greatly decrease landward from the marsh edge (Minello 
and Rozas 2002) and predation by blue crabs tends to decrease landward from the edge as well 
(Lewis and Eby 2002). However, if the marsh habitat structure is completely removed, predation 
rates increase farther onto the marsh platform indicating habitat structure may mediate these 
interactions (Lewis and Eby 2002).  
 In this study, we experimentally investigated the role of inundation (tidal amplitude and 
flooding duration), distance from the edge, and habitat structure in mediating edge predator-prey 
interactions and nekton access to the marsh platform across a biogenic habitat boundary. We 
conducted four complementary studies to tease apart the interactive effects that drive predator-
prey interactions across the marsh-estuarine interface. We investigated how predation on marsh 
periwinkles varied across a tidal amplitude gradient. We explored the ability of predators to 
move across the marsh interface along a tidal amplitude gradient. To experimentally separate the 
effects of tidal inundation and habitat structure (which naturally vary together) on consumption, 
we conducted two manipulative field experiments to assess the importance of shoot density and 
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subsequently shoot height on predator-prey interactions across the marsh-tidal creek interface at 






We conducted predation assays at 5 salt marshes with varying tidal amplitudes and 
structural habitat characteristics. Four sites were located along the coast of North Carolina (NC), 
USA (i.e. Masonboro Sound in Wilmington (34.17537, -77.84147), Hoop Pole Creek in Atlantic 
Beach (34.70669, -75.75191), North River Bridge in Beaufort (34.78915, -76.61668), and Sandy 
Bay in Hatteras (35.22487, -75.68533)) and one site was located near Port Sulfur, Louisiana 
(LA; 29.44861, -89.74944;  Fig 3.1). Minello et al. (2012) found that flooding metrics varied 
greatly over a relatively small geographic range along the North Carolina coast and therefore, 
sites across coastal North Carolina may be especially useful in understanding marsh utilization 
and predator-prey interactions across the marsh-estuarine boundary. We included a site in 
Louisiana to determine whether meteorological/wind-driven salt marshes have similar rates of 
predation along both the South Atlantic (i.e., Sandy Bay) and Gulf Coasts (i.e., Port Sulfur) of 
the United States. The marshes were all Spartina alterniflora dominated, but other common plant 
species included Juncus roemerianus, Spartina patens, Distichlis spicata, and Salicornia 
virginica. Tidal amplitudes were approximately 1.0-1.5 m in Wilmington, 0.5-1 m in Atlantic 
Beach, and 0.5-1 m in Beaufort, with all three sites dominated by astronomical components. 
Tidal amplitudes in both Hatteras and Louisiana were ~0.15 m, and driven by meteorological 
forces (i.e., wind-driven). We conducted our study in the low to intermediate zone of the marsh 
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because we expected consumption to be highest in this area due to proximity to subtidal 
estuarine habitats and access for predators.  
At each site, 12 5-m transects were placed parallel to the marsh edge at 4 distances: 5 m 
seaward in unvegetated (subtidal) habitat, in vegetation within 1 m of the marsh edge, 5 m into 
the marsh platform, and 10 m into the marsh platform (n=3 transects for each distance). 
Predation assays were conducted monthly from June through September 2016. Marsh 
periwinkles (Littoraria irrorata) were tethered with fishing line (0.25 m in length) to plastic 
flags. The length of the tether allowed for natural snail behavior related to movement up and 
down S. alterniflora shoots with tidal inundation (S. Ziegler, personal observation). At each site, 
8 (LA) or 10 (NC) tethered snails were placed approximately 0.5 m apart along each transect (for 
a total of 96 or 120 snails per site). Snails were left for 24 hours and then inspected for predation. 
Predation was assumed when the snail was absent, the shell was crushed, or the line was snipped.   
Habitat characteristics 
 
To determine the structure of the S. alterniflora marsh stand at each site, we examined 
vegetation characteristics along the established transects described above (n=3) in June 2016. 
Along each transect, we sampled both total stem density per 0.0625m2 (in NC only) and 
maximum shoot height within 3 randomly placed quadrats and averaged these samples for 
analyses (both NC and LA).  
Tidal amplitude and duration 
 
HOBO water-level loggers (Onset HOBO U20L) were submerged at each site in NC from June 
through September 2016 to calculate water-level values. Air pressure was obtained from the 
nearest weather station (NOAA Station 8656483). Elevation (NAVD88) of marsh sites was 
obtained from NOAA LIDAR images in ArcMap (NC OneMap; https://www.nconemap.gov/). 
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We did not account for marsh grass interference, and calculated our tidal amplitude and duration 
in respect to flooding over marsh grass height. Water height above the marsh grass (hereafter 
water height) was calculated by subtracting LIDAR marsh elevation which included plant height 
(m) values from all water-level values (m). Inundation time (hr) over marsh grass was 
extrapolated by determining all times that calculated water heights were greater than 0 (error 
range -1.56 m - 0.48 m; Aguilar et al. 2010). 
Nekton sampling 
 
 We conducted monthly nekton (fish and crustacean) sampling from June-September 2016 
at 3 sites across the coast of North Carolina of varying tidal amplitudes. Fyke net sites were 
located at Hatteras Village (~0.15 m tidal amplitude, 0.8km from predation site), Pine Knoll 
Shores (~0.5-1.0 m; ~7 km from Hoop Pole Creek) and Morris Landing, Holly Ridge (~0.8-1.2 
m; ~40 km from Wilmington NC, Fig 3.1). At each site, two fyke nets were placed in the water 
along the vegetated edge of a natural marsh (i.e., facing the marsh to collect fauna emerging 
from the marsh; n=2). Nets were set at nighttime high tide and left to soak through one tidal 
cycle (~6 hrs) during spring tides for maximum tidal difference. The fyke nets were comprised of 
a 0.9 X 0.9 X 5.1 m central mesh bag (3.175 mm mesh), with two 0.9 X 5.1 m wings extending 
from either side. All nekton caught were identified to the lowest level possible, counted, and 
weighed wet. Fyke net catch rates were standardized by fyke net wing width to account for 
differences in the amount of marsh edge drained into the net. 
Shoot density experiment 
 
            We conducted our manipulative field experiments focused on habitat structure in Hoop 
Pole Creek, Atlantic Beach, NC, a site with median tidal height, to minimize variability and 
reduce confounding effects of tidal flooding and plant structure. Nine transects ~20 m in length 
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were placed parallel to the marsh edge at 3 distances relative to the seaward marsh edge in 
vegetation: within 1 m of the marsh edge, 5 m into the marsh platform, and 10 m into the marsh 
platform.  Along each transect, 15 – 0.0625 m2 plots were established 1-2 m apart. Each plot was 
randomly assigned 1 of 3 density treatments: reduced, ambient or increased. Reduced plots had 
50% of ambient shoots physically removed from the plot (7.22 shoots +/- 0.11 se), ambient plots 
remained unaltered (15.06  shoots +/- 0.19 se), and increased plots had shoot density increased 
by 50% utilizing 1.25 cm-diameter wooden dowels as S. alterniflora mimics (22.22 shoots +/- 
0.29 se). During each sampling event (n=8) 1 squidpop (described by Duffy et al. 2015) was 
placed into each plot at high tide. Squidpops were chosen over snails due to higher rates of 
consumption in NC on squidpops (Duffy et al. 2015), allowing for an understanding of 
consumption across shoot density treatments at shorter time scales (2 hours vs. 24 hours). In 
addition, the use of squidpops prevented bias in tethered snails becoming tangled in high 
complexity plots. Squidpops were checked for predation every 30 minutes as the tide receded 
until the marsh was no longer inundated (between 2 and 3 hours) and assessed with a binary 
response of eaten or uneaten. 
Shoot height experiment 
 
At Hoop Pole Creek, Atlantic Beach NC, one experimental transect was placed 2 m from the 
seaward edge of the marsh. Along the transect, we set up 30-0.25 m2 plots placed 2 m apart.  
Plots were randomly assigned 1 of 5 shoot height treatments: 10 cm, 25 cm, 50 cm, 75 cm and 
ambient shoot heights (>75cm; replicates = 6). Each shoot height treatment indicates the tallest 
shoot height within a given plot and all Spartina shoots within a plot were clipped to the 
assigned shoot height.  During each predation trial (n=4), we placed one tethered marsh 
periwinkle snail (Littoraria irrorata) in each plot. In order to assess predation while allowing the 
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natural behavior of marsh periwinkles moving up and down the marsh grass shoots with tidal 
inundation, tethers were measured up to 1 m in length and shortened to the tallest shoot height 
with in the plot to allow snails to move up and down Spartina shoots but not move outside of the 
manipulated plots. After 24 hours, snails were checked for predation. Predation was assumed 





To assess the relative predation rate of snails across sites varying in tidal amplitude, we 
first converted presence-absence data for each tether to proportion of snails eaten by dividing the 
total number of snails eaten by the total number of snails placed along each transect (n=8 per 
transect in LA, n =10 per transect in NC). To investigate broadly how predation of snails varied 
across sites and with distance into the marsh we employed a scheirer-ray-hare test (non-
parametric two-way test). To determine the effect of both habitat structure and tidal regime 
(inundation time and amplitude) on predation upon snails at different distances into the marsh 
(for sites in NC) we ran generalized linear models with the following parameters: distance into 
marsh, maximum water height (cm), inundation time above marsh grass (hr), shoot density (m-2), 
and shoot height (mm). Louisiana predation data were not included in the linear models due to 
lack of tide and shoot density data. The drop one method and Akaike information criterion were 
used to identify the model with the best fit.  
Nekton sampling 
 
To investigate differences in catch of total nekton (potential predators) from fyke nets 
across 3 sites with varying tidal amplitude in NC, we ran a repeated measures ANOVA with site 
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as a factor and month of sampling as an error term to account for the repeated sampling of the 
same sites.  
Shoot density experiments  
 
To assess the rates of consumption on squidpops in varying shoot densities we converted 
presence-absence data for each plot into proportion of squidpops per treatment along a given 
transect for both fall 2016 and summer 2017 experiments (n=8). To identify the effects of shoot 
density on predation rates we ran a Kruskal Wallis test (non-parametric one-way test) as data 
were non-normal after an arcsine transformation. To further test the interactive effects of season 
and distance into the marsh, we ran a scheirer-ray-hare test.  
Shoot height experiments 
 
To determine if shoot height alone influenced predation of marsh periwinkle snails, we 
converted presence-absence data into the proportion of snails eaten for each shoot height 
treatment and compared across sampling days (n=4). To assess the effect of shoot height on 
predation rates, we ran a non-parametric Kruskal Wallis test, as data were non-normal after an 
arcsine transformation.  
We recognize that there temporal pseudoreplication due to the repeated measures 
experimental design however as data were non-normal there are not comprehensive repeated 
measures non-parametric tests for simplified one-way or two-way interactions and we do not 






Snail predation was statistically different among sites (H=75.46, p<0.001) and distances 
from the marsh edge (H=6.95, p<0.031), with no interaction between the two (H=2.69, p=0.952; 
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Fig. 3.2, Table 3.1). Overall, the proportion of snails eaten was highest at the Wilmington, NC 
site (0.73 +/- 0.02) and lowest at Hatteras Village, NC (0.12 +/- 0.07). Predation was the lowest 
at the two meteorological tide (wind-driven) sites compared to sites with larger astronomically-
driven tides; however, predation rates were slightly higher in Louisiana (0.21 +/- 0.03) than at 
Hatteras Village (0.12 +/- 0.07). For sites in North Carolina, the best model to explain the 
proportion of snails eaten was an additive model with independent variables of distance into the 
marsh (t=-0.12, p=0.05), inundation time over marsh grass (t=-0.019, p<0.001), S. alterniflora 
shoot density (t=0.006, p<0.001), and S. alterniflora shoot height (t-0.014, p<0.001; 
AIC=0.1495, Fig. 3.3; Table 3.2, 3.3). 
Nekton Sampling 
 
Catch rates of nekton were not statistically distinct across sites (F2,6=0.675, p=0.54, Table 
3.4). However, catch rates of nekton in fyke nets was lowest at Hatteras Village, our wind-driven 
site with tidal amplitude of ~0.15 m (10.33 nekton +/-5.43 se) compared to sites with higher tidal 
amplitude, Pine Knoll Shores, 0.5 - 1.0 m site (15.53 nekton +/-4.22 se) and Morris Landing 1.0-
1.5 m site (16.97 nekton +/-3.21 se; Fig. 3.4).  
Shoot density experiment 
 
There was no detectable effect of habitat complexity (X2=33.389, p=0.39; Table 3.5) on 
the proportion of squidpops eaten at any distance into the marsh or across seasons (Fig. 3.5A). 
However, we did find a clear interaction between season and distance into the marsh (H=12.78, 
p=0.002; Table 3.6) on proportion of squidpops eaten. In the fall, predation decreased with 
increasing distance from the marsh-estuarine edge (0.76 proportion consumed +/- 0.03 at the 0 
m, 0.41 proportion consumed +/- 0.03 at the 5 m, and 0.25 proportion consumed +/- 0.03 at the 
10 m).  
 
 74 
Shoot height experiment  
 
 Shoot height treatments did not have any statistical effect on predation rates (X2=4.15, 
p=0.38, Fig. 3.5B; Table 3.5) along the marsh-tidal creek interface. However, there were slightly 
higher rates of predation in the 10 cm treatment (0.25 proportion consumed +/-0.06 units) 
compared to all other shoot height treatments (25 cm=0.16 proportion consumed +/-0.08; 50 
cm=0.08 proportion consumed +/-0.05; 75 cm=0.16 proportion consumed +/-0.08; >75 cm=0.08 
proportion consumed +/-0.05). The increase in predation rate was almost 3-fold in the 10 cm 




Understanding the movement of species and inter- and intra-specific interactions between 
adjacent habitats is a vital step in understanding landscape-scale community structure and 
ecosystem function. Our results suggest that abiotic cycles (e.g. tides) at the land-sea interface 
are key in mediating the strength of species interactions across habitat edges and potentially 
overall energy flows across this ecological boundary. When species move across ecosystem 
boundaries they necessarily encounter habitat edges which can have mitigating effects that alter 
ecosystem function and dynamics. Habitat edges can increase predation, allowing predators to 
more easily spot their prey (Gorman and Connell 2009), creating an ecological trap where 
mortality increases for prey species. In these instances, access to adjacent habitats across edges 
increases foraging success for predatory species and may amplify the flow of energy across 
ecological boundaries enhancing overall production in the adjacent system (Polis and Hurd 
1996). In contrast, the movement of prey species across habitat boundaries from relatively 
unstructured to highly complex habitats may increase survival by providing refuge and 
ultimately decrease the flow of energy to higher trophic levels.  For sedentary or low mobility 
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prey species (e.g. marsh periwinkles) increased habitat structure along ecotones or habitat edges 
may also provide increased refuge by obscuring predator visibility increasing overall prey 
abundance, however this benefit to prey, may be mediated by abiotic forces such as tidal 
amplitude.  
We found that the highest rates of predation and predator access occurred at sites with the 
highest tidal amplitude, suggesting that increased water levels may mediate the ability of 
predators to move across the land-sea interface to access their prey. In meteorological, wind-
driven systems, there was overall low predation on the marsh platform most likely a result of 
inconsistent access for predators to the marsh platform. During our study, there was little to no 
detectable water over the marsh grass during predation assay sampling at either microtidal site. 
However, crustacean predators such as blue crabs (Callinectes sapidus) are able to use the marsh 
platform at shallow depths of ~5cm (Minello et al. 2012) and therefore may have greater access 
to the marsh in areas with wind-driven flooding accounting for the observed predation at our 
sites with meteorological tides.  Since duration of marsh flooding was positively correlated with 
predation rates, we may have observed higher predation rates at sites with predominantly wind-
driven tides if we had sampled during times of sustained marsh flooding. It has been observed 
that small marsh associated fauna such as shrimps and killifish in areas with greater flooding 
duration (i.e. the Gulf of Mexico) have a higher contribution of Spartina alterniflora primary 
production in their tissues (Baker et al. 2013) than in areas with astronomically-driven tides. Yet, 
the dynamics of the connection between marsh production and larger predatory species is not 
well explained in areas with low tidal amplitude and high flooding duration or in regards to 
habitat structure.  
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Our predation assays along a tidal inundation gradient indicate that habitat structure 
(shoot density and shoot height) may be key factors influencing predation across the land-sea 
interface. Specifically, our results show that areas with the tallest shoots and lowest shoot density 
have the highest predation. This could be due to increased interstitial space between shoots for 
predators to move through and visualize their prey when foraging (Carroll et al. 2015) and the 
ability of snails to move up grass shoots out of an area of potential consumption.  However, 
along our tidal inundation gradient, shoot height and shoot density were inversely correlated. 
Therefore, to tease apart the interactive effects of tide and habitat structure, we separately 
manipulated shoot density and shoot height at a site with median tidal amplitude. Both 
experimental manipulations of habitat complexity indicated that there was little influence of 
plant structure on predation rates. However, this is not to say plant structure does not matter; a 
total lack of plant material would alter the system greatly in terms of refuge and nursery habitat 
value.  In addition, there may be complex interactions between plant density and predation in 
structured coastal habitats mediated by local abiotic factors (Mattila et al. 2008). While not 
statistically distinct, our manipulative shoot height experiment revealed a 3-fold difference in 
predation of snails in our 10 cm treatment compared to our ambient plots. These results suggest 
there may be an interaction between shoot height and tidal height specifically, predation will be 
high in areas where the water level completely covers the shoots. In addition, our metric of 
inundation time incorporates both plant structure and aspects of hydroperiod, specifically shoot 
height and flooding height and time. There appears to be a unimodal relationship between 
predation rates and inundation time over the marsh grass, where predation peaks at an 
intermediate flooding time.   Therefore, we see high rates in predation rates at sites like 
Wilmington where both shoot height and tidal amplitude are high and the marsh is flooded for 
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approximately 6 hours in a 24 period. However, at our Hatteras Village site, water levels 
completely covered the plant shoots for 10 hours or more but, may have still been too low in 
amplitude for most nekton to move freely across the marsh platform resulting in low predation 
rates overall. Therefore, we hypothesize there is an overwhelming effect of abiotic cycles (e.g. 
tide, season) on predation that over powers the influence of local habitat structure alone along the 
aquatic-terrestrial habitat edge.  
With changing climate, there may be shifts in abiotic cycles across terrestrial and aquatic 
ecosystems. For instance, changes in temperature and photoperiod (day-length) has resulted in 
phenological mismatches between predators and prey species across many taxa (Renner and 
Zohner 2018). This mismatch in the life-cycle of predators and prey has caused booms in prey 
abundance and declines for predatory species or vice-versa altering overall community structure 
(Edwards and Richardson 2004). Changes in sea-level, increasing tidal amplitude and inundation 
time, may have the opposite effect. Our results show as the water levels over coastal biogenic 
habitats amplify, predators may have increased foraging opportunities, decreasing prey 
populations within these vital nursery habitats.  In addition, changing climate and shifts in abiotic 
cycles combined with increasing human disturbance my alter the interaction of species at the 
land-water interface as well as the structure of nearshore habitats. For example, in freshwater 
lakes excessive water level fluctuations (due to fast drawdowns for human consumption, 
drought, or severe flooding) decrease the complexity of littoral habitats ultimately reducing the 
abundance of native species within the lakes (Zohary and Ostrovsky 2011). Increasing water 
levels (i.e. sea-level rise) along the coast in conjunction with continued human development, can 
cause the loss of nearshore habitats through coastal squeeze. While immediate rises in water 
levels may benefit predators by increasing access across the edge and potentially increasing the 
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flow of energy from marshes to estuarine habitats, over time if salt marsh grasses cannot outpace 
the rise in water levels, there could be a total loss in habitat and nursery function (Kirwan et al. 
2010). With continued changes in climate, untangling the interactions between abiotic cycles and 
biotic components of ecosystems across ecological boundaries are key to understanding both 
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Table 3.1 Result output for scheirer-ray-hare test broadly examining how predation of snails 
varied across sites and with distance into the marsh  
  df Sum of Squares H p 
Site 4 160550 75.45 <0.001 
Distance into marsh 2 14786 6.95 0.031 
Site*Distance into marsh 8 5722 2.69 0.952 





Table 3.2 Summary of AIC and degrees of freedom (df) for all model combinations. The model 
combination in bold is the final model used in this analysis. 
Model formula df AIC 






location+mean.inunhr+mean.height 5 9.277 
location+mean.inunhr+mean.density 5 23.396 
location+mean.inunhr 4 51.174 








Table 3.3 Selected model output 
  Estimate Standard error t value p 
Intercept 0.299 0.139 2.164 0.03 
location -0.012 0.006 -1.915 0.05 
Inundation time -0.019 0.004 -4.552 <0.001 
Shoot height 0.0006 0.0001 5.208 <0.001 






Table 3.4 Repeated measures ANOVA results for nekton CPUE with site as a factor and 
sampling month as an error term. 
    df sum of squares mean squares F value  p 
Month Residuals 3 132.8 44.28 -- -- 
            
Month*Site Site 2 48.68 24.34 0.685 0.54 
  Residuals 6 213.32 35.55 -- -- 
              








Table 3.5 Kruskal Wallis results for both shoot density and shoot height manipulation 
experiments on consumption rates in the marsh  
  chi square df p 
Shoot density 33.389 32 0.3996 




Table 3.6 Sheirer-ray-hare results on the impact of distance into the marsh and season (summer 
or fall) on consumption rates of standardized dried squid. 
  df 
Sum of 
Squares H p 
Distance into marsh 2 350154 60.189 <0.001 
Season 1 394256 67.769 <0.001 
Distance into marsh*Season 2 74374 12.784 0.002 





Figure 3.1 Map of sampling sites along the coast of North Carolina, USA. Stars indicate sites 
where snail predation assays were conducted. Circles designate the location of fyke net sampling 
sites.  WM: Wilmington, HP: Hoop Pole Creek, NR: North River, HV: Hatteras Village, PKS: 
Pine Knoll Shores, and ML: Morris Landing. The values along to top of each box depict the 









Figure 3.2  Proportion of snails eaten across sites with increasing distance into the marsh 
platform from the seaward edge. Numbers at the top of the plots indicate average tidal amplitude. 














Figure 3.3 Proportion of snails eaten with respect to (A) inundation time over marsh grass, (B) 




Figure 3.4 The catch per unit effort (CPUE, catch rate/net soak time) of all nekton captured in 












Figure 3.5 The proportion of prey eaten with increasing (A) shoot density (binned 0-10 shoots, 
10-20 shoots, and 20-30 shoots) in both fall 2017 and summer 2017 and the proportion of snails 









CHAPTER 4: GEOGRAPHIC VARIATION IN MARSH-DERIVED CARBON 




The movement of consumers across a landscape, dictated by changes in abiotic forces or 
structure of a given habitat, may alter the relative contribution of a primary producer to 
secondary production. As consumers forage, the production from basal carbon resources 
(primary producers) becomes incorporated into their tissues increasing consumer biomass and 
overall secondary production of an ecosystem. The types of basal resources within one habitat in 
a landscape may be vastly different than an adjacent habitat type (e.g. temperate forest adjacent 
to grassy meadow). Therefore, as consumers move across habitat boundaries, mediated by the 
abiotic and biotic environment to forage, the amount of a certain production source being 
incorporated into their tissues may vary (Takada et al. 2002). For instance, diel period (night or 
day) and differences in water temperature directly influence the movement of bonefish, resulting 
in increased growth of these fish at certain Caribbean islands due to higher foraging times in 
seagrass habitats (Brownscombe et al. 2019).  
As consumers and resources move across distinct ecological boundaries (e.g. habitat edges), 
the energy from one system can enhance the production of another (i.e. cross-boundary or spatial 
subsidies; Polis and Hurd 1996, Fagan et al. 1999). The dynamics of cross-boundary subsidies 
may vary based on a variety of parameters such as the connectivity (ease of faunal movement), 
whether an edge is natural or fragmented, and/or the overall community composition of a certain 
location. Along the land-sea interface, stark changes in both abiotic and biotic environments 
 
 91 
mediate the ability of organisms and energy to move from one system to another (Polis et al. 
1997). Much of the knowledge about terrestrial-marine subsidies is derived from relatively 
unproductive terrestrial habitats adjacent to productive marine systems (Polis and Hurd 1996, 
Catenazzi and Donnelly 2007). To better appreciate and understand the role of cross-boundary 
subsidies at the land-water margin, we need to investigate areas where both the terrestrial and 
aquatic systems are high in productivity.   
Stable isotopes are a useful tool for understanding spatial subsidies or energy flow across 
distinct ecological boundaries such as the land-sea interface, when information is known about 
the baseline primary producers within the food web (Layman et al. 2012, Cresson et al. 2014). A 
consumer’s stable isotope composition can vary between habitats because the consumer has 
either changed its diet or because there are differences in the stable isotope values of the basal 
resources that have fueled secondary-and-higher production (Nelson et al. 2012). Stable isotopes 
are particularly useful for comparing food webs at the terrestrial-marine interface due to the 
unique stable isotope ratios of aquatic versus terrestrial primary producers (δ13C,δ15N, and δ34S, 
e.g Paetzold et al. 2008). For instance, stable isotopes show that mangrove production can 
contribute upwards of 33% to the diet of estuarine fishes on adjacent mudflats (Melville and 
Connolly 2003). 
Salt marshes are critical transition zones between terrestrial and marine habitats and are 
an ideal system to investigate cross boundary foraging and subsequent energy flows. These 
habitats are highly productive and are considered key nursery habitats and foraging areas for a 
variety of ecologically and economically valuable estuarine taxa. Though ecologists have a broad 
understanding of the qualitative value of marsh habitat, we still lack quantitative evidence 
indicating that marshes increase growth or survival for nekton (Lefcheck et al. 2019). Still, 
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marsh primary production is believed to be an essential component of estuarine and marine food 
webs, enhancing the secondary production of transient fishes through the process of trophic relay 
(trophic transfer; Teal 1962, Kneib 2002). Previous large-scale studies have examined how 
geographic variation in salt marshes influences resident insect communities (McCall and 
Pennings 2012) and the energy resources for small marsh-associated prey (e.g. killifishes; Baker 
et al. 2013). Specifically, Baker and colleagues (2013), conducted a study from the Gulf of 
Mexico to the Chesapeake Bay and found that in areas with higher flooding duration (e.g. the 
Gulf of Mexico), small marsh-associated fishes and crustaceans have higher amounts of salt 
marsh primary production in their diets.  
The role of geographic variation in marsh structure and function and the importance of 
marsh primary production for relatively large-bodied transient estuarine species (mobile 
predators) is still largely unknown. Transient estuarine predators forage upon the small marsh-
associated fishes and crustaceans previously examined (Baker et al. 2013) and are an important 
component in the transfer of energy offshore to enhance secondary production via trophic relay. 
A literature synthesis investigating the influence of geographic variation in tidal inundation along 
the marsh edge has been shown to regulate the frequency of marsh—platform residents (i.e., 
killifishes and fiddler crabs) in the diets of transient estuarine predators, potentially impacting the 
flow of energy from the marsh to the estuary (Ziegler et al 2019). A key next step is to directly 
measure the contribution of marsh-derived energy in the diets of transient predators to determine 
the relative importance of the marsh for secondary production of fishes and crustaceans across 
geographic regions. The percent contribution of marsh-derived carbon in the diets of transient 
fishes will provide a much-needed quantitative link between marsh habitats and estuarine 
secondary production. In addition, understanding the trophic position of functionally similar 
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species across regions may provide insight into the trophic efficiency of each system, specifically 
understanding how many trophic steps it takes for marsh energy to be transferred to large mobile 
species, enhancing growth and overall biomass for certain species in a given region.   
Therefore, we conducted bulk stable isotope analyses to identify differences in trophic 
position of functionally similar species to estimate trophic efficiency across three distinct 
geographic regions: the Gulf of Mexico, the South Atlantic Bight and the Mid-Atlantic. We also 
used stable isotope analyses and calculated trophic position to examine the percent contribution 
of marsh (e.g. Spartina alterniflora, marsh microphytobenthos (MPB), etc.) versus subtidal 
marine energy sources (e.g. phytoplankton, seagrass and algae) in the diets of transient estuarine 
fishes to assess geographic variation in the role of marshes as a food resource to enhance 






We sampled marsh-associated communities from three geographic regions: the Gulf of 
Mexico in Louisiana (Bay Sanbois and Bay Batiste), the South Atlantic Bight in North Carolina 
(Back, Bogue, and Core Sounds), and Mid-Atlantic region in New Jersey (Great Bay and 
Barnegat Bay; Figure 4.1). All sites were dominated by smooth cordgrass Spartina alterniflora. 
Louisiana marshes also had high densities of Juncus roemerianus and North Carolina had a large 
seagrass (Zostera marina) beds adjacent to the marsh sampling sites not present in other regions. 
Plant, algal, and faunal samples were collected in Louisiana between May - October 2015,  in 







The nekton assemblage that occupies marsh systems across our study regions are broadly 
similar (Rountree and Able 1992, Kneib and Wagner 1994, Rozas et al. 2007), with the 
replacement of some species by closely related and ecologically similar congeners (e.g. Fundulus 
grandis in the Gulf and F. heteroclitus along the Atlantic, Gonzalez et al. 2009). To compare 
marsh trophic structure across these regions, we aimed to examine food web dynamics with 
dominant producers and consumers representing the key functional groups common to all sites, 
rather than trying to sample all possible producers and consumers. Across all three regions, we 
targeted primary production sources for baseline carbon and nitrogen values: Spartina 
alterniflora, J. roemerianus, seagrass (Z. marina) , phytoplankton, macroalgae, MPB and detritus 
(sediment). We collected primary consumers (filter feeders and marsh grazers) within each 
region to assess both marsh and aquatic baselines one trophic level removed: eastern oyster 
Crassostrea virginica, bay scallop Argopecten iradians, Ribbed mussel Geukensia demissa, 
marsh periwinkle Littoraria irrorata, and Fiddler crabs Uca sp. We targeted marsh surface 
specialists (mummichog F. heteroclitus or gulf killifish F. grandis) and transient intermediate-
sized generalist consumers (blue crabs Callinectes sapidus and pinfish Lagodon rhomboides) to 
determine the marsh versus aquatic energy contribution in important prey taxa and potential 
vectors for energy flow to large-bodied mobile predators. Lastly, we targeted large-bodied 
transient fish consumers as endmembers for estuarine secondary production: flounder 
Paralichthys sp., red drum, Sciaenops ocellatus, speckled trout Cynoscion nebulosus, striped 
bass Morone saxatilis, and bluefish Pomatomus saltatrix . Within each region, we aimed to 
collect 10 or more individuals of each target species for analysis. Across all sites, samples were 
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collected with seines, minnow traps, trawl, gill nets, hook and line, and by hand. In Louisiana, 




Macrophyte (marsh vegetation and seagrass) leaves were scraped with a scalpel to 
remove any epiphytes, sediments, or debris. Clean white muscle was dissected from fishes, and 
from legs of crabs. The adductor muscle was removed from bivalves, while the muscular foot of 
L. irrorata was dissected for analysis. All samples were dried for 48 h at 60°C. Samples were 
ground by hand into a white powder with a mortar and pestle. Tissue samples from Louisiana 
were lyophilized, homogenized, lipid-extracted following standard chloroform-methanol 
practices (Folch et al. 1957). No lipid extraction or mathematical correction factors were applied 
to the samples from North Carolina or New Jersey due to the low C:N ratios averaging < 4.0 
across all samples. 
 All samples were weighed into tin caps (0.5–1.0 mg) and the relative abundances of 
carbon (13C/12C) and nitrogen (15N/14N) were determined on a either Thermo Finnigan DeltaPlus 
mass spectrometer (Thermo Finnigan San Jose, California, USA) coupled with an elemental 
analyzer (Costech, Valencia, California, USA) at the Great Lakes Institute for Environmental 
Research Stable Isotope Analysis Facility (GLIER, for LA, NJ, and NC 2018 samples) or a PDZ 
Europa ANCA-GSL elemental analyzer interfaced to a PDZ Europa 20-20 isotope ratio mass 
spectrometer (IRMS; UC Davis for NC 2014). δ34S analysis was done using an Elementar vario 
ISOTOPE cube interfaced to a 20-22 IRMS (Sercon) at UC Davis Stable Isotope Facility (NC 
2014 samples). Reference material for the carbon stable isotope ratios was Vienna PeeDee 
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Belemnite, nitrogen isotope ratios were compared via atmospheric N2, and sulfur isotope ratios 
were compared to Vienna Canon Diablo Troilite.  
Delta notation is used in the presentation of stable isotopic values: 
δ X = [(Rsample/Rstandard) – 1] × 1000 
where X is the heavy isotope, Rsample is the ratio of heavy to light isotope in the sample, and 
Rstandard is the ratio of heavy to light isotope in the reference standard.  
We obtained δ13C and δ15N ratios for all target species except POM as sample material 
was too negligible for analysis. δ34S ratios were obtained for primary producers (excluding 
POM) as well as killifish (F. heteroclitus or F. grandis), large blue crabs (C. sapidus >100mm), 
flounders (Paralichthys sp.), red drum (S. ocellatus), speckled trout (C. nebulosus), striped bass 
(M. saxatilis), and bluefish (P. saltatrix) from our own sampling and other various sources (see 




 In order to determine the trophic position of comparable species across the three regions, 
we ran a simplified two-baseline, multi-species trophic position (TP) model using used δ13C and 
δ15N with the tRophicposition package (Quezada-Romegialli et al. 2019). The TP model 
consisted of two chains, chain lengths of 10,000, burn in of 1,000, a lambda of two (indicating 
baselines calculated from primary consumers). POM values were calculated from filter feeders 
(e.g. A. iradians or G. demissa). To account for using primary consumers for the aquatic 
baseline, we added one trophic enrichment factor (TEF, δ13C = 0.4 ±1.3‰, δ15N = 3.4 ±1.0‰; 
Post 2002) to S. alterniflora isotopic values from each region to make baselines comparable, 
rather than using primary marsh consumer (marsh periwinkle or fiddler crab) isotopic values.  
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To determine the relative contribution of basal carbon sources for each species across 
each region, we ran multisource stable isotope mixing models with the MixSIAR package (Stock 
and Semmens 2016, model equations in Moore and Semmens 2008). We utilized δ13C, δ15N, and 
δ34S in the multisource mixing models to estimate the potential contributions of S. alterniflora, 
saltmarsh MPB, POM, macroalgae, seagrass (Z. marina), seagrass MPB, epiphytic microalgae, 
detritus (sediment) or C4 marsh plants (e.g. J. roemerianus ) if present and collected within a 
given region (Table 4.1). POM values were back-calculated from filter feeders (e.g. A. iradians 
or G. demissa) for consistency and to account for natural differences in POM across regions. We 
ran multisource mixing models to examine the proportion of energy resources in the diets of 
killifish (F. heteroclitus or F. grandis), large blue crabs (C. sapidus >100mm), flounders 
(Paralichthys sp.), red drum (S. ocellatus) or striped bass (M. saxatilis), speckled trout (C. 
nebulosus), and bluefish (P. saltatrix) as we had sufficient δ34S data and species are either prey 
items that forage on the marsh or predatory species key to energy flow in estuarine systems 
(Table 4.2).  Using previously calculated TP for each species we calculated unique trophic 
discrimination factors (TDFs) for each consumer taxa within each region. TDFs were calculated 
using TEF values from the literature (Post 2002) multiplied by the number of trophic steps 
between each consumer and primary production sources (calculated TP - 1). The MixSIAR 
models were run with a Markov Chain Monte Carlo algorithm that consisted of three chains, 








On average, focal species from North Carolina exhibit higher trophic position compared 
to conspecifics or functionally similar species from either New Jersey or Louisiana, with 
exception to speckled trout (Figure 4.2). For lower trophic level species, that may be key vectors 
in transferring marsh energy (e.g. killifish and pinfish), there were distinct differences in trophic 
position across regions. Killifish (Fundulus sp.) taxa from New Jersey have noticeably lower 
trophic position (TP = 2.03) compared to conspecifics in North Carolina (TP = 3.26) or 
congeners in Louisiana (TP = 3.01). Blue crabs have higher trophic position in North Carolina 
(TP=3.09) compared to Louisiana (TP = 2.53) and New Jersey (2.69). 
Trophic position for all transient estuarine fish species across all regions is greater than 
potential prey items (e.g. killifish, pinfish) and large transient crustaceans such as blue crabs. 
Flounder species captured in Louisiana and New Jersey have the lowest trophic positions of all 
transient fishes (TP = 3.29 and 3.31, respectively). Striped bass in New Jersey have a higher 
trophic position (TP = 3.93) than functionally similar red drum in Louisiana (TP = 3.29) and 
North Carolina (TP = 3.70). Bluefish (NC & NJ) and speckled trout (LA & NC) have the highest 
trophic position of estuarine predators in all regions (TP > 4.0). Notably, speckled trout in 
Louisiana have the highest trophic position of all taxa among all regions (TP = 4.77). 
 
Multisource mixing models 
 
Overall the relative contribution of POM is greater than 25% for all species across all 
three regions with exception to F. grandis in Louisiana (Figure 4.3A). In Louisiana,  salt marsh 
detritus contributes a greater extent to the diets of Fundulus sp. (0.669 +/- 0.128) and blue crabs 
(0.267 +/- 0.159) than similar species in both North Carolina (0.117 +/- 0.103 and 0.096 +/- 
0.079 respectively) and New Jersey (0.098+/- 0.093 and 0.035 +/- 0.038 respectively).  
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In Louisiana, POM contributes the most to the diets of transient estuarine predators - red 
drum (0.533 +/- 0.09) and speckled trout (0.341 +/- 0.189) – closely followed by salt marsh 
vegetation (0.335 +/- 0.077 and 0.309 +/- 0.178 respectively; Figure 4.4). Similarly, in North 
Carolina and New Jersey all transient estuarine predator diets are dominated by POM. However, 
in both North Carolina and New Jersey, transient fish diets do not have a clear secondary source 
of energy with the relative contribution of all possible sources ranging from 5-15% (Figure 4.3A, 
4.5, 4.6).  
When model outputs are simplified to assess marsh-derived versus aquatic-derived 
carbon, diets from the majority of species in Louisiana appear to be dominated by marsh carbon 
(> 65%; Figure 3B). Red drum from Louisiana have relatively equal contribution from both 
marsh (46.7%) and aquatic-derived sources (53.3%). In comparison, taxa from North Carolina 
and New Jersey aquatic sources outweigh the contribution of marsh-derived carbon ( > 50% for 




Our study directly examines the trophic position of estuarine species and the role of 
marsh versus aquatic production in the diets of transient estuarine predators across geographic 
regions using stable isotope models. On average estuarine species from North Carolina have a 
higher trophic position than species from the other two study regions, suggesting differences in 
trophic efficiency among estuarine habitats across geographic regions. When considering the full 
suite of production sources, across all regions, POM is the dominant source of primary 
production in the diets of transient estuarine predators. The dominant source of primary 
production for killifish (Fundulus sp.) and blue crabs varied widely across the three study 
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regions. In Louisiana, killifish and blue crab diets are dominated by marsh detritus while in 
North Carolina the dominant source of energy is POM. In New Jersey, killifish appear to have 
high contribution of energy from both POM and marsh MPB, while blue crab diets are driven by 
POM to a higher extent than any other taxa examined across the three study regions.  
 When all marsh-derived versus aquatic-derived production sources were combined the 
relative contribution of marsh-derived primary production in the diets of transient estuarine 
fishes appears to be dependent on region and the species examined. Across the three study 
regions, the differences in the relative contribution of marsh-derived primary production in the 
diets of transient species could be a result of a variety of mechanisms influencing the transfer of 
energy from the marsh to estuary via trophic interactions such as the diversity of basal resources 
in each location, seasonality, and or hydroperiod (Nemerson and Able 2005, Brush et al. 2012, 
Baker et al. 2013). In Louisiana, total primary production from the marsh contributed from 40% 
to upwards of 90% of taxa diets.  In North Carolina and New Jersey, total marsh energy 
contribution never exceeded 50% of the diet for any taxa and have higher contributions from 
aquatic-derived production sources.   
Interestingly, North Carolina and New Jersey also have aquatic macrophytes such as 
seagrass or macroalgae that contribute to the diets of transient estuarine fishes. At the Louisiana 
sites seagrasses and their associated producers are absent or found in extremely low densities. 
While the direct contribution of seagrass and macroalgae primary production for mobile fishes 
and crustaceans is only about 10-15%, the presence and density of aquatic macrophytes is vital 
for the growth of epiphytic algae (another production source) as well as refuge for potential prey 
taxa. At the locations sampled in New Jersey, seagrass densities are low in comparison to North 
Carolina, where seagrass is ubiquitous and covered by extremely high densities of epiphytes 
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(Hovel and Fonseca 2005, Duffy et al. 2015). However, seagrass production in New Jersey 
contributes a similar amount of energy to the diets of transient fishes as seagrass production in 
North Carolina.  
The location of a marsh within an estuarine landscape may also influence the diversity of 
basal carbon sources present and ultimately the amount of carbon from aquatic or marsh-derived 
sources within the diets of transient fishes. Specifically, the salinity regime of a given site may 
influence the presence of alternative basal carbon sources near on within the marsh. Our sites in 
North Carolina and New Jersey are situated in the low estuary and are euryhaline (~35 psu) with 
high abundances of adjacent seagrass and or macroalgae. In contrast, the marshes sampled in 
Louisiana are mesohaline brackish marshes with salinities ranging from 10 – 15 psu and more 
diverse marsh plant assemblages (e.g. J. roemerianus; Odum 1984) . The differences in salinity 
regime altering the estuarine landscape can affect the presence of certain carbon sources and 
overall functionality of a marsh as a food resource for estuarine species.  
 The relative contribution of primary production sources may also be dictated by the 
season samples are collected (Hedd et al. 2010). North Carolina is the lower range limit for 
Zostera marina (Duffy et al 2015). In late summer months (July and August), there is a die-off of 
seagrass due to high water temperatures removing both seagrass and associated epiphytic algae 
from the system (Moore et al. 2014). Therefore, species may have to switch to alternate energy 
sources when aquatic macrophytes are absent. If samples were collected in winter or early spring 
during seagrass recovery and before epiphytic growth begins, marsh production may have 
greater importance for species that remain in the estuary to overwinter and prey consumed by 
predatory fishes. Similarly, in cooler months the density of POM decreases and there may be a 
natural increase in the amount of marsh production in the diets of species from all locations. The 
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seasonality in marsh flooding (due to wind directionality) in the Gulf of Mexico or other 
locations with meteorological tides (e.g. Pamlico Sound, NC) may also influence the relative 
contribution of marsh production in the diets of estuarine species due to changes in nekton access 
(Rozas 1995).  
There is a clear link between hydroperiod within a region, specifically tidal inundation 
and flooding duration, and the contribution of marsh production to the diets of estuarine species. 
Longer flooding duration has been shown to increase the amount of marsh production in the diet 
of marsh associated-prey species (i.e. killifish, small blue crabs and grass shrimp) across the Gulf 
of Mexico (Baker et al. 2013). However previous work in the Gulf, has also shown that marsh 
surface specialists such as killifish and fiddler crabs do not appear in the dies of transient 
predators (Ziegler et al. 2019). Potentially, killifish and fiddler crabs are not key vectors of 
energy flow and instead mobile crustaceans (i.e. penaeid shrimps and crabs) that can access the 
marsh when water levels are low are essential in the transfer of marsh production to the higher 
trophic levels in the estuary (McCann et al. 2017). In contrast, in NJ where tidal amplitude is 
high and flooding duration is consistent (~6hrs) predators have a more direct access to the marsh 
or access to prey flushing off the marsh allowing for higher amount of marsh production in their 
diets (Nemerson and Able 2004).  
Our results show transient fishes across all our regions, where tidal regimes are 
drastically different, have a mixed contribution of marsh and aquatic-derived production, 
suggesting plasticity in prey consumption by transient species regardless of hydroperiod. In 
certain locations, species with more diverse production sources may be better able to switch their 
diet preferences to mitigate the loss of marshes and subsequent energy flows from these habitats 
(Baker et al. 2016). This may be particularly important in locations where there is increased 
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marsh subsidence in conjunction with high rates of sea-level rise. Our results suggest species in 
Louisiana, which have less diverse sources of production contributing to their diets, may not be 
as resilient to marsh loss greatly effecting overall ecosystem productivity compared to New 
Jersey where estuarine species obtain energy from a breadth of aquatic and marsh sources.   
In sum, we propose that the extent of trophic transfer or trophic relay is not equivalent 
across all systems or time periods and may be mediated by the diversity of basal resources and 
the unique hydrodynamics of a given estuarine system. This is not to say the marsh is not 
important for other functions or ecosystem services in areas where we do not observe high rates 
of trophic relay. In some locations, the marsh may be more vital as a refuge for small organisms 
from predators rather than a predominant food resource. As marshes continue to be lost globally, 
we need to have baseline understanding of overall ecosystem functioning of this habitat in a 
specific location to set realistic restoration and conservation targets. With the continued 
homogenization of ecosystems understanding the importance of geographic variation in food 
webs dynamics across habitats and along dynamic ecologic boundaries is essential to ensure 
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Table 4. 1 Mean stable isotope values (± SD; ‰) for the primary producers. POM mean values 
and standard deviation were generated by back-calculating 1 trophic level from collected 















Table 4. 2  Mean stable isotope values (± SD, ‰) for marsh-platform fish (killifish), transient 
crustaceans (blue crabs), and transient estuarine fishes (red drum, flounder, striped bass, 







Figure 4. 1 Map of areas sampled for marsh taxa across the Gulf of Mexico in Louisiana (Bay 
Sanbois and Bay Batiste), the South Atlantic Bight in North Carolina (Back, Bogue, and Core 











Figure 4. 2 Multispecies trophic position model output for all taxa sampled by region. For each 
taxon, the Bayesian modelled output for trophic position. Color indicative of region. All values 














































































































































































Figure 4. 3 Proportions of contribution estimates of primary production to the diets of transient 
species collected from each location. A. Potential sources include POM, Zostera marina 
(seagrass), Epiphytic algae, Seagrass microphytobenthos (MPB), Ulva lactuca (macroalgae) and 
saltmarsh vegetation (C3 and C4 plants), saltmarsh MPB, and detritus. B. Sources were 
identified as marsh or aquatic-derived carbon in a simplified 2 baseline framework. All values 















Figure 4. 6 Bayesian mixing model outputs for Mid-Atlantic species. 
